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LATERAL-DIRECTIONAL AERODYNAMIC CHARACTERISTICS OF
LIGHT, TWIN-ENGINE, PROPELLER-DRIVEN AIRPLANES

Chester H, Wolowicz and Roxanah B, Yancey
Flight Research Center

SUMMARY

Representative state-of-the-art analytical procedures and design data for predicting
the lateral-directional static and dynamic stability and control characteristics of light,
twin-engine, propeller-driven airplanes for propeller-off and power-on conditions are
documented. Although the consideration of power effects is limited to twin-engine
airplanes, the propeller-off considerations are applicable to single-engine airplanes as
well,

The procedures are applied to a twin-engine, propeller-driven, semi-low-wing
airplane in the clean configuration to determine the lateral and directional control deriv-
atives as well as the static and dynamic stability derivatives as functions of angle of
attack and power condition through the linear lift range of the airplane. Also determined
are the spiral mode, roll mode, and Dutch roll characteristics for level-flight conditions
over the speed range of the airplane. All calculations are documented.

Attempts to calculate the weathercock stability characteristics indicated a need to
account for wing-body interference effects on the body contribution as a function of angle
of attack and vertical position of the wing relative to the body. Vertical -tail -off wind-
tunnel data of a single-engine version of the subject airplane are used to expand the
design nomograph from which the body -plus -wing -body contribution to weathercock
stability was determined in order to obtain the contribution for a semi-low-wing airplane
as a function of angle of attack. Application of the expanded nomograph to the subject
airplane resulted in improved correlation of calculated weathercock stability character-
istics with wind-tunnel and flight data at low angles of attack. For additional improve -
ment in correlation, there is a need for design data to account for the effects of angle
of attack on the sidewash acting on the vertical tail.

The correlation of the calculated effective dihedral with wind-tunnel data was excel-
lent through the linear lift range for all power conditions considered, However, flight-
determined values were approximately 40 percent to 50 percent smaller than wind-tunnel
values, Within the scope of this study, it was not possible to identify in-flight phenomena
which altered the contribution of the wing or the wing-fuselage interference to the varia-
tion of rolling-moment coefficient with sideslip and which were not accounted for in the
full-scale wind-tunnel tests of the airplane, The effect of the discrepancy on several
response characteristics is noted at the end of this summary,

The calculated directional control derivatives correlated well with wind-tunnel and
flight data throughout the linear lift range and all power conditions investigated.



The calculated rolling-moment lateral-control derivatives were approximately
10 percent lower than the values obtained from wind-tunnel or flight data, Wind-tunnel
and flight data correlated well, The calculated yawing-moment lateral-control deriva-
tives correlated reasonably well with wind-tunnel data; flight values were more adverse
than either the wind-tunnel or the calculated values,

Calculated values of the variation of yawing- and rolling-moment coefficients with
yaw rate correlated well with flight data, No dynamic wind-tunnel data were available
for comparison,

The dynamic derivatives had a significant effect on the calculated Dutch roll fre-
quency. The use of a simplified Dutch roll frequency equation, which included only the
static derivatives, would have resulted in a difference of approximately 40 percent in
the calculated roll subsidence root,

The calculated Dutch roll period was generally 10 percent lower than the flight
values. The calculated Dutch roll damping ratio correlated well with flight data; the
correlation was improved when the flight-determined effective dihedral was substituted
for the calculated effective dihedral,

The calculated roll-to-sideslip amplitude ratio of the Dutch roll mode did not
correlate well with flight data, When the flight values of the effective dihedral were
substituted for the calculated values in the response equation, good correlation was
obtained,

Calculated roll-rate response to aileron input correlated well with flight data, Sub-
stituting the flight values of the effective dihedral for the calculated values in the
response equation improved the correlation.

1.0 INTRODUCTION

As part of a NASA program to improve general aviation safety and utility, the NASA
Flight Research Center is documenting analytical procedures and design data for pre-
dicting the subsonic static and dynamic stability and control characteristics of propeller-
driven aircraft.

In partial fulfillment of this project, representative state-of-the-art methods appli~
cable to Mach numbers up to 0. 6 have been compiled and, in some instances, extensions
in procedures proposed, The results have been applied to a representative light, low-
wing, twin-engine, propeller-driven airplane in the clean configuration. The accuracy
of the methods, within the Mach number limits (up to 0. 25) of the airplane, has been
determined by comparing calculated predictions with wind-tunnel and flight data,

Longitudinal characteristics were considered in the first report (ref. 1) of a two-
part study, Included were propeller-off and power-on stability and control characteris-
tics in terms of coefficients as functions of angle of attack, elevator position, and
power condition, Also included were short-period oscillatory and wind-up-turn charac-
teristics.



This report covers lateral-directional characteristics, In comparisons of the cal-
culated characteristics with wind—tunnel data, the calculated characteristics are related
to the stability-axis system to conform to the axis system of the tunnel data (ref, 2),

In comparisons of the calculated characteristics with flight data, the calculated charac-
teristics are related to the body-axis system to conform to the axis system of the
flight data,

The two reports provide a summary of methods and guidelines which should enable
a designer to obtain improved estimates of stability and control characteristics for
propeller-off conditions in general and of the effects of power on twin-engine, propeller-
driven aircraft in particular,

Axis systems, sign conventions, and definitions of the stability and control deriv-
atives are in accord with standard NASA practices, The positive directions of the
X, Y, and Z axes are forward, to the right, and down, respectively, The positive
directions of the moments and angular rates are in accord with the right-hand rule,
Deflection of the rudder to the left denotes a positive rudder input, The aileron deflec-
tion that produces a right roll denotes a positive aileron input, The angle of attack is
measured in the XZ plane of symmetry and is the angle between the X-body axis and
the component of velocity along the X-stability axis, The sideslip angle is positive
when the nose of the airplane is to the left of the velocity vector,

2.0 SCOPE OF THE STUDY

As a logical starting point for the present study, use was made of the USAF Stability
and Control Datcom handbook (ref. 3). This is a compendium of methods and design
data for predicting the stability and control characteristics of jet and propeller-driven
aircraft from subsonic through hypersonic regions of flight. A considerable portion of
the material is based on NACA and NASA reports, In the present report, Datcom is
listed as the reference when it provides a unique treatment of information from other
sources, The basic source is referenced when Datcom repeats pertinent equations and
design data, During this study, it became necessary to supplement the Datcom methods
and to provide innovations,

The analysis of lateral-directional characteristics in the form of derivatives ranges
from zero lift through the linear lift range of the airplane. Propeller-off and power-on
conditions are considered in all instances, Included are analyses of the side force due
to sideslip, weathercock stability, effective dihedral, yaw control, and roll control, as
well as dynamic stability derivatives, Also included are analyses of spiral and roll
mode characteristics, lateral-directional oscillatory period and damping characteris-
tics, and roll response characteristics.

The various sections include procedures, design charts, calculations, and figures
that compare calculated results with wind-tunnel (ref, 2) or flight data or both, No-
tations and symbols are defined in each section,



3.0 THE AIRPLANE

The airplane used in the analysis is representative of general aviation, personal-
owner aircraft. It is a six-place, low-wing, twin-engine, propeller-driven, all-metal
airplane with an all-movable horizontal stabilizer and a single vertical tail. Pertinent
physical characteristics, as provided by the manufacturer, are listed in table 3-1, A
three-view drawing is presented in figure 3-1.

Adjustable trim is provided longitudinally by the trailing-edge tab on the elevator
and directionally by a bungee. No provisions were made for lateral trim adjustment,



TABLE 3-1
MANUFACTURER'S PHYSICAL CHARACTERISTICS OF THE SUBJECT AIRPLANE

Wing —
Location. . . . . ¢ v v v i i i i e e e e e e e e . e o e e Low
Loading, Ib/sqft . ... .. .. .. ..... e e e e e . e e 20,2
Airfoil section . .. .. .. .. ...... ¢+ o+ .. NACA 649, A215 (modified)
Area, sqft . . . . . i L e e e e e e e e e e e s e s 178.0
Span, ft . o . 0 e e e e e e e e e e e e e e e e e e e e 35.98
Mean aerodynamic chord, ft . . . . ... .. ... ........ 5.00
Aspect ratio . . . . . . . Lt L e s e e e e e e e e e e e 7.30
Dihedral, deg . . . . . . . . . i i i it e e e 5.00
Incidence, deg . . . . . . . . i it e e e e e e e e 2.00
Aerodynamic twist . . . . . . ... . ... e e e e e 0
Power —
Horsepower/engine . . . . . . . . v v i v v vt e e 160. 00
Loading, Ib/hp . . . v v v v v e e e e e e e e e e e e, 11.3
Engine . ... ............. ¢+ ¢« s e s e e+ 2Lycoming I0-320-B
Propellers —
Type . .. ¢ v Hartzell HC-E2YL-2A constant speed full feathering
Blades . . . v v i i i e e e e e e e e e e e e, 7663-4
Diameter, in. . . . . . . .. ... e e 72,00
Weight and balance —
Maximum gross weight, 1b . . . . . . .. ... ... .. ..... 3600. 00
Empty grossweight, Ib. . . . . . . ... ... ... ... .... 2160. 00
Allowable center of gravity for maximum gross weight,
percent mean aerodynamic chord . .. ... .. ........ 12.5 to 28.6
Allowable center of gravity for empty gross weight,
percent mean aerodynamic chord .. ... ... ........ 3.3to0 21.6
Control-surface deflection, deg —
Aileron . . . . ..ol e e e e e e e v e e e e e « - 18 up, 14 down
Elevator (stabilator). . . ... ... . ... e e e e e e e s . 14 up, 4 down
Rudder .. ........... s e e e e Gt e e e e e e e e, 22 right, 20 left
Flap (full) . . . . . . o e e e e e e e e, 27
Adjustable trim systems —
Longitudinal . ... . e, Tab
Directional . . ... ... .. ... .. ... . . Bungee
Lateral . . ... .. .. .. eI



'F 12,5 >

- 35.98 -1
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Figure 3-1, Three-view drawing of the test airplane, Dimensions in feet,



3.1 Center-of-Gravity Positions Used in the Analysis

The center of gravity of the airplane, for analytical purposes, was fixed at 10 per-
cent of the wing mean aerodynamic chord and 12 inches below the X-body axis (located
on the zero waterline) to conform with the full-scale wind-tunnel data (ref. 2) used in
the correlation of analytically predicted characteristics. For preliminary design
purposes, a more typical assumption of center-of-gravity position for the start of
analysis would be 25 percent of the wing mean aerodynamic chord.

In correlations with flight data, both the analytically predicted characteristics and
wind-tunnel data were modified to conform with the 12-percent mean aerodynamic chord
center-of-gravity conditions of the flight data.



3.2 Pertinent Geometric Parameters

Figure 3. 2-1 shows the geometric parameters associated with the wing and ailerons
as well as the general orientation of the wing, ailerons, fuselage, and nacelles. The
wing parameters were established in reference 1. Of general interest, and to be con-
sidered later, is the proximity of the nacelle relative to the fuselage and the lateral
distance of the nacelle from the aileron, The proximity of the nacelle to the fuselage
suggests that the curved airflow around the fuselage may interfere with the streamflow
on the nacelle during sideslip maneuvers. The lateral position of the nacelle relative
to the aileron indicates that the use of a propeller 6 feet in diameter will not immerse
any part of the aileron in the propeller slipstream.

Figure 3. 2-2 shows the geometric parameters of the fuselage and nacelles pertinent
to the analysis of lateral-directional characteristics. Because the design data used in
calculating the body and wing-body interference effects were generally based on exper-
imental data obtained from models with axisymmetric bodies, the actual fuselage was
replaced by an approximately equivalent circular fuselage as shown, The concept of an
equivalent circular fuselage was also used in reference 1.

Figure 3.2-3 shows the geometric parameters of the horizontal tail used to analyze
the tail contribution to the damping-in-roll derivative, C lp' The longitudinal position

of the aerodynamic center was used to obtain the effective aspect ratio of the vertical
tail,

Figure 3.2-4 shows the geometric parameters required to obtain the effective
aspect ratio of the single vertical tail, the lift-curve slope and side force due to side-
slip of the tail, and the side force due to rudder deflection, These quantities were basic
to the determination of single vertical-tail contribution to lateral-directional stability
and control of the airplane, The establishment of the root chord of the vertical tail,
Cry, by extending the leading and trailing edges to the effective centerline of the fuselage,

is in accordance with method 1 of reference 3 used to obtain vertical-tail character-
istics,

Figure 3. 2-5 presents geometric parameters in the XZ plane pertinent to the
consideration of power effects on the stability characteristics. The lateral position of
the thrust line is shown in figure 3, 2-1,

3.2.1 Symbols

Ah,AV,AW aspect ratio of the horizontal tail, vertical tail, and wing,
respectively
acp, acw aerodynamic center of the horizontal tail and wing,

respectively, as a fraction of the mean aerodynamic
chord of the surface concerned

by, bv,bw span of the horizontal tail, vertical tail, and wing,
respectively, in,



Cfa

Cfr

(=)

(cfr)ni ’ (cfr)no

Cry Cry Cry

(Spg

S, Sy, Sw

(an) max

width of the aileron, in.

width of the rudder, in,

average ratio of the rudder chord to the vertical-tail chord

width of the rudder at the inboard and outboard ends,
respectively

root chord of the horizontal tail, vertical tail, and wing,
respectively, in,

tip chord of the horizontal tail, vertical tail, and wing,
respectively, in,

vertical-tail chord, in.

vertical-tail chord in the plane of the horizontal tail, in,

chord of the vertical tail at the inboard and outboard
edge of the rudder, in.

mean aerodynamic chord of the horizontal tail, vertical
tail, and wing, respectively, in,

depth of the fuselage at the quarter-root chord of the
vertical tail, in,

maximum depth of the nacelle forward of the wing
leading edge, in,

length of the fuselage, in,

effective length of the nacelle (fig. 3.2-2), in,

distance from the center of gravity to the quarter chord
of the vertical-tail mean aerodynamic chord, measured
parallel to the X-body axis, in,

side area of the equivalent circular fuselage, sq ft

area of the horizontal tail, vertical tail, and wing,
respectively, sq ft

effective maximum cross-sectional area of a nacelle,
rd2
n

assumed to be equal to (144’

sq ft
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thickness ratio of the vertical tail and wing, respectively

maximum width of the equivalent circular fuselage at the
longitudinal station of the quarter-root chord of the
exposed horizontal-tail panels, in,

maximum width of the equivalent circular fuselage at the
longitudinal station of the quarter-root chord of the
exposed wing panels, in.

distance, parallel to the X-body axis, to the aerodynamic
center of the horizontal tail from the leading edge of
the vertical-tail chord in the plane of the horizontal
tail, in.

distance, parallel to the X-body axis, from the center
of gravity of the airplane to the center of pressure of
the nacelle (fig. 3.2-2), in.

distance, parallel to the X-body axis, from the center
of gravity of the airplane to the propeller, in,

lateral distance from the plane of symmetry to the mean
aerodynamic chord of the horizontal tail and the wing,
respectively, in.

lateral distance from the plane of symmetry to the thrust
axis, in.

vertical distance to the root chord of the horizontal tail
from the root chord of the vertical tail, positive down, in,

vertical distance from the X-body axis to the center of
pressure on the effective side area of the nacelle
(fig. 3.2-2), positive down, in.

vertical distance from the X-body axis to the thrust line
of the propeller, positive down, in,

vertical distance from the X-body axis to the mean
aerodynamic chord of the vertical tail, positive down, in,

vertical distance from the X-axis of the equivalent
circular fuselage to the quarter chord of the root chord
of the exposed wing panel, positive down, in,

vertical distance from the X-axis of the airplane to the
quarter chord of the root chord of the exposed wing
panel, positive down, in,



L
Mo

(re/2)y +(rer4),(2e),
(A ¢/2) (Ae/ 4)w’ (AZ e>w
(/\ c/4)h, (/\l e) h

(\n),

Apr Ays Ay

Pte

angle of attack of the airplane relative to the X-body
axis, deg

geometric dihedral of the wing, deg

vertical distance from the root chord of the vertical tail
to the mean aerodynamic chord of the vertical tail,
positive down, in,

ratio of the distance to the inboard edge of the control
surface from the root chord of the panel on which the
surface is mounted to the panel span

ratio of the distance to the outboard edge of the control
surface from the root chord of the panel on which the
surface is mounted to the panel span

sweep of the vertical-tail half-chord line, quarter-chord
line, and leading edge, respectively, deg

sweep of wing half-chord line, quarter-chord line, and
leading edge, respectively, deg

sweep of the horizontal-tail quarter-chord line and
leading edge, respectively, deg

sweep of the aileron hinge line, deg

taper ratio of the horizontal tail, vertical tail, and wing,
respectively

wing trailing-edge angle, deg

11
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Horizontal tail -

Airfoil section: NACA 0008 Cty, =214 —
acp =0.25¢h !

Ap=4.8

br =150 in.
Shp =32.5sq ft
(Wf)h = 12 in.

M, =0.515

=75.0

o
N|:_

/!
’/ Station 259. 33
/

|
Quarter-chord line

14

-
)
\
!
4
¢ fuselage \ )
— \ —
T
l
)
{
i
\

Figure 3.2-3, Geometric parameters of the horizontal tail,
Dimensions in inches except as noted,
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4.0 PREDICTION OF PROPELLER-OFF AERODYNAMIC CHARAC TERISTICS

4.1 Side-Force Derivative, CYﬁ
The side-force derivative, CYB’ of the complete airplane in the clean configuration
is made up of contributions from the following:
(1) Wing, including dihedral effzcts
(2) Fuselage, including wing-fuselage interference effects

(3) Nacelles

(4) Vertical tail, including the interference effects of the wing, fuselage, and
horizontal tail

These contributions to CYB can be represented by

C¥p = (C¥p)y,._, * (Cp). * Ki(Cyg),+ (Cyp), * CY)ywm .11
4.1.1 Wing Contribution, (Cy ) +(CYﬁ)r
By

For subcritical speeds and in the absence of dihedral, the wing contribution to Cvy

may be obtained from equation (4. 1. 1-1), the low-speed equation presented in reference
4 (based on strip theory and lifting-line theory) modified to account for the effects of
compressibility according to the procedure given in reference 5.

. _ C%,w 6 tan (Ac/q),, sin(Ac/q ),
( YB)Wp:o ~ 57.3 TAy [AWB2 + 4 cos (Ac /4)w]

}per deg (4. 1. 1-1)

where
CLW is the lift coefficient of the wing alone from figure 4, 1, 1-1
Ay, is the wing aspect ratio from figure 3. 2-1

(A c /4)w is the sweep of the wing quarter-chord line from figure 3,2-1

By = \/1 - M2 cos2/\c/4 (4.1, 1-2)

M is the Mach number

17



The contribution of the wing dihedral, I, to the side-force derivative, CYB’ can be

approximately accounted for at low subsonic speeds by the following expression (from
ref. 3):

(CYB)F = -0, 0001T (4. 1. 1-3)

where I' and 8 are in degrees.

The preceding expressions show that for general aviation aircraft, for which the
wing aspect ratio is of the order of 6 or higher and the quarter-chord sweep is moderate
at best, the wing contribution to CYB due to dihedral is the only wing contribution of

any significance. As shown in table 4, 1, 1-1, for the subject airplane

2
C = X "7
< YB>WF=() 7.38X107/Cy, per deg

(CY3>r = -0. 0005 per deg

The contribution due to dihedral (5° in this instance) is approximately 6, 3 percent of
the calculated CYB for the complete airplane,

4.1.2 Fuselage Contribution to CYB

The fuselage contribution to CYB is composed of the contribution of the fuselage

alone plus an increment due to wing-fuselage interference, For subsonic conditions,
up to subcritical Mach numbers, the net contribution of the fuselage to CYB in the

presence of the wing may be approximated by equation (4, 1, 2-1) from reference 3. On
the basis of wing area, Sy,

C =K;(Cy —Vﬁ per deg (4.1.2-1)
( YB)f ( B)f-v—2/3 Sw

where

<CY,3>f 5/ is the contribution of the fuselage alone on the basis of two-thirds
v2/3

fuselage volume and is considered to be equal but of opposite sign to the potential flow
portion of the lift-curve slope of the fuselage as obtained from section 4. 3 in reference 1

K. is the wing-fuselage interference factor obtained from figure 4.1.2-1 as a

function of only the vertical position of the wing on the body

The interference factor, K;, is undoubtedly affected by angle of attack as well as

wing position on the body. However, until experimental data are assessed on a more

18



refined basis and presented as a function of angle of attack and wing position, the angle-
of-attack effects are not accounted for,
The contribution of the fuselage (including fuselage-wing interference) to CYB of

the subject airplane is calculated in table 4. 1. 2-1 to be

(CYB)f = -0, 00273 per deg

This contribution is of the order of 34, 3 percent of the calculated side-force derivative
for the complete airplane (propellers-off),

4.1.3 Nacelles Contribution to CYB

The procedure for determining the contribution of the nacelles to CYB is similar

to that for determining the contribution of the fuselage. However, a number of uncer-
tainties are involved, No procedures appear to have been established to account for
the effects of nacelle size or position relative to the wing and proximity to the fuselage;
thus, the following empirical decisions were made for the subject airplane:

(1) The nacelle's effective length was considered to extend to the wing leading edge
only,

(2) The contribution of a nacelle to CYﬁ may be approximated from equation

(4. 1.3-1), which is based on bodies of circular cross section, The equation is synony-
mous to the potential-flow part of the lift equation of section 4.3 of reference 1. On
the basis of wing area, S,

2(k - k1)(Sxy )
ax
(CYB)n/NaceHe o 57,3 Sy —Z per deg (4. 1. 3-1)

The cross section area of the nacelle, (an> , is an estimated effective area con-
max

sidered to be equal to a circular cross section with a diameter equal to the maximum
depth of the nacelle, d,, as indicated in figure 3.2-2, The fineness ratio of the nacelle
required to obtain (kg - kq) from figure 4, 1, 3-1 (obtained from ref, 6) is based on the
effective nacelle length and the maximum depth of the nacelle,

(3) Because of the proximity of the nacelles to the fuselage and the planform shape
of the fuselage in the vicinity of the nacelles, flow interference from the fuselage flow
field reduces the CYB contribution of the nacelles, In the absence of design data

indicating the extent of the interference, judgment was used in reducing the calculated
contribution obtained from equation (4. 1, 3-1) by one-third, Thus, for the subject air-
plane,

2(kg - k1)(Sx
<CYB)n ~ ‘%‘ n [ 57.3 s;l)max] per deg (4. 1. 3-2)
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where ny, is the number of nacelles,

On the basis of the summary calculations of table 4, 1, 3~1, the contribution of the
nacelles to CYB is

<CYﬁ>n ~ -0, 00037 per deg

This contribution is 4, 4 percent of the net calculated CYB of the airplane.

4.1.4 Vertical-Tail Contribution to CYB

At subsonic speeds the vertical-tail lift effectiveness, and thus its contribution to
CYﬁ, is affected by the fuselage crossflow at the tail, the presence of the horizontal

tail, and the wing-fuselage sidewash at the vertical tail, All three factors affect the
flow on the vertical tail in such a way as to increase its effectiveness,

The characteristics of body crossflow are similar to those of potential flow across
a cylinder. Peak local velocity occurs at the top of a cylinder and decays to free-
stream crossflow with distance away from the cylinder surface. Thus, tail-body
combinations with large bodies and small tails have a greater effectiveness per unit of
tail area than combinations with small bodies and large tails (ref. 3).

Horizontal-tail surfaces in the high or low position in the vicinity of the vertical tail
increase the pressure loading of the vertical surface. Horizontal surfaces in the mid-
span position have relatively little effect (ref. 3).

Sidewash from the wing in sideslip is small compared to the body sidewash due to
sideslip, Above the wing-wake centerline, the wing-induced sidewash moves inboard
and is stabilizing; below the wing-wake centerline, it moves outboard. A body in side-
slip creates a body vortex system, which in turn induces lateral velocity components at
the vertical tail, Above or below the body, the body-induced sidewash moves inboard
and is stabilizing, For conventional aircraft, the combination of wing-body sidewash
flow fields has negligible sidewash effect below the wake centerline,

Of the two procedures presented in reference 3 for obtaining the vertical-tail
contribution to CYB (for a single-tail configuration) in the presence of the wing, body,

and horizontal tail, only the first is flexible enough to take into account the effects of
the horizontal tail mounted on the vertical tail away from the body. This method is
used herein. To obtain an effective aspect ratio, it makes use of empirical design
charts, based on experimental data, which account for body crossflow and horizontal-
tail effects on the vertical-tail lift-curve slope, The effective aspect ratio is then used
in conjunction with section lift-curve slope to obtain the net lift-curve slope of the tail.
The sidewash effects are then introduced to obtain the vertical-tail contribution to CYB'

4.1.4-1 Effective Aspect Ratio of the Vertical Tail, A, 1
e

To determine the effective aspect ratio of the vertical tail in the single-tail

20



configuration, the vertical-tail geometric parameters must be determined first, (They
are listed in figure 3. 2-4 for the subject airplane, )

The effective aspect ratio of the vertical tail in the presence of the body and hori-
zontal tail is obtained from

A A
Aygsr = Ay ( Xi‘)>;1 + Ky [Z%((%) - 1] } (4. 1. 4-1)

where

Ay is the geometric aspect ratio of the isolated vertical tail, obtained from
figure 3, 2-4

A
TV@ is the ratio of the aspect ratio of the vertical tail in the presence of the body
v
to that of the isolated panel, obtained from figure 4, 1, 4-1(a) using geometric parameters
from figure 3,2-4

A
A—V((%) is the ratio of the aspect ratio of the vertical tail in the presence of the body
v
and horizontal tail to that of the vertical tail in the presence of the body only, obtained
from figure 4. 1. 4-1(b) using geometric parameters from figure 3. 2-4

Kp is a factor accounting for the relative size of the horizontal and vertical tails,
obtained from figure 4, 1, 4-1(c) using horizontal- and vertical-tail areas obtained from
figures 3.2-3 and 3, 2-4, respectively

For the subject airplane, the summary calculations of table 4, 1, 4-1(a) show that
AVeff = 2,67, Inthis instance, the horizontal tail is practically coincident with the root

chord of the vertical tail (fig, 3.2-4), so the effective aspect ratio is similar to the
value that would be obtained using reflection plane principles,

4.1.4-2 Lift-Curve Slope of the Vertical-Tail Panel, (CLa)v(ﬂz)

The lift-curve slope of the single vertical tail in the presence of the fuselage and
horizontal tail may be obtained from the following equation, The equation is synony-
mous with equation (4. 2-1) in reference 1, On the basis of the effective vertical-tail

area, Sy,

Cr,
( Aa)v(fh) - 2 — (4. 1, 4-2)
Veff 2
2 + (A&f—f)— B2+tan2</\ > + 4
k2 1 c/2 v
v
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where

C
l
k :g—ﬁl (4. 1. 4-3)

v 2T

(Cl a) is the section lift-curve slope, obtained from section 4. 1 in reference 1
v

2 _ 2
B/=1-M (4.1.4-4)

M is the Mach number
(A c/2)y is the sweepback of the vertical-tail half-chord line
For the subject airplane, the summary calculations of table 4, 1, 4-1(b) show that

(CL ) = 3. 01 per rad = 0, 0525 per deg
%/ v(th)

on the basis of S, = 17,7 sq ft,

4.1.4-3 Summary of Vertical-Tail Contribution to CYg

The single vertical-tail contribution to CYB is obtained by modifying the single

vertical-tail lift curve to account for the effects of wing wake and body sidewash, Thus,
in the presence of the wing, body, and horizontal tail, and on the basis of reference 3,

(CYB>V(wfh) ) _k/I <CLOZ)V(fh) (1 N g—% gisiw (% 1.4-9)

where

k’l is a factor accounting for the body size relative to the vertical-tail size

b
represented by (-c%—— (fig. 3.2-4), obtained from figure 4, 1, 4-1(d) using tail geometric
v
parameters from figure 3, 2-4

The combined effects of wing wake, body sidewash, and dynamic pressure can be
approximated from empirical equation (4. 1, 4-6) from reference 3. A qualitative in-
sight into the angle-of-attack range of applicability of the equation may be obtained
from figure 4, 1, 4-2 (from ref, 7). The figure shows wind-tunnel-determined sidewash
characteristics of straight- and swept-wing models with the wings in three vertical
positions,
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S,

v
o0 -V SW Zw
1+=)— =0.724 + 3, 06 + 0,4 —— + 0, 009A 4,1.4-6
( 8B)a 1+ cos(Ac/), (Wely, w !
[

where

(Ae /4)V is the sweep of the quarter-chord line of the vertical tail, obtained
from figure 3, 2-4

zy 1is the vertical distance from the centerline of the equivalent fuselage to the

quarter-chord point of the root chord of the exposed wing panel, obtained from
figure 3,2-2

(Wf)w is the depth of the equivalent circular fuselage at the wing, obtained
from figure 3, 2-2

For the subject airplane, the summary calculations in table 4, 1, 4~1(c) indicate the
vertical-tail contribution to CYB to be, on the basis of Sy = 178 sq ft,

<CY ) = -0, 0049 per deg
B/ v(wth)

which is of the order of 54, 7 percent of the calculated CYB for the complete airplane,
For a twin-vertical-tail configuration, the contribution of the twin tails to CYB
may be obtained from the design charts shown in figure 4, 1. 4-3. The charts are repro-

duced from reference 3. On the basis of these charts, which include the effects of
wing-body wake and sidewash,

(4. 1.4-7)

where

(CYB> is the lift-curve slope of one vertical-tail panel, obtained from
y Veff

figure 4, 1, 4-3, based on the panel area, Sy

(CYB>V wth
@——f_) is obtained from figure 4. 1, 4-3
B Veff

4.1.5 CY,@ of the Complete Airplane

The side-force-due-to-sideslip derivative, CYB’ of the subject airplane (obtained
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from table 4, 1. 5-1 on the basis of the contributions of the components as summarized
in eq. (4. 1-1)) was calculated to be
<CY ) = -0, 0085 per deg
g prop
off

This result shows reasonably good correlation with full-scale wind-tunnel data
(fig. 4.1.5-1), Calculated values are less accurate than wind-tunnel data, probably
because they do not reflect the effects of angle of attack on wing-body interference and
sidewash on the vertical tail,

4.1.6 Symbols

Ay geometric aspect ratio of the isolated vertical tail, obtained
from figure 3. 2-4
AVe i effective aspect ratio of the vertical tail in the presence of the

fuselage and the horizontal tail, obtained from equation
(4. 1, 4-1) for single-tail configurations and from figure 4, 1, 4-3
for twin-vertical-tail configurations

A
Zv() ratio of the aspect ratio of a single vertical tail in the presence
Ay of the fuselage to that of the isolated tail, obtained from

figure 4. 1, 4-1(a) with geometric parameters from figure 3. 2-4

ratio of the aspect ratio of the vertical tail in the presence of the
Av(t) fuselage and the horizontal tail to that of the vertical tail in the
presence of the fuselage, obtained from figure 4, 1, 4-1(b)

Ay agpect ratio of the wing
1/2
B; = (1 - M?)
1/2
By = (1 - M2 cosz/\c/4) /
bh’ bV span of the horizontal and vertical tail, respectively, in.
b:, span of the twin vertical tail from the horizontal tail to the upper
tip of the vertical tail, in.
CLW wing-lift coefficient
( Loz> fuselage lift-curve slope due to potential flow, referred to the
fv2 /3 two-thirds power of the fuselage volume, per deg
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vertical-tail lift-curve slope in the presence of the fuselage and
horizontal tail, referred to the tail area, per deg

variation of the side-force coefficient with sideslip angle, per deg

fuselage contribution to CYB including wing-body interference,
referred to the wing area, per deg
isolated fuselage contribution to CYB due to potential flow,
considered to be equal to (CL > for the equivalent
@/ f52/3
circular fuselage

contribution of both nacelles to CYB, referred to wing area,

per deg

CYB of the complete airplane with propellers off, per deg

lift-curve slope of one vertical-tail panel in the twin-vertical-tail
configuration, obtained from figure 4, 1. 4-3 based on the area
of one panel

contribution of the vertical tail to Cy_, in the presence of the

wing, fuselage, and horizontal tail, referred to the wing area,
per deg

contribution of the wing to CYB in the absence of geometric
dihedral, per deg

contribution of the wing dihedral to CYB , per deg

section lift-curve slope of the vertical tail, per rad

vertical-tail chord in the plane of the horizontal tail, in,

maximum diameter of the equivalent circular fuselage, obtained
from figure 3. 2-2, in,

depth of the fuselage at the quarter-root chord of the vertical tail,
obtained from figure 3, 2-4, in,

maximum depth of the nacelle forward of the wing leading edge,
obtained from figure 3, 2-2, in,
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(o)

xach(cV)l e

26

function of angle of attack

factor accounting for the relative size of the horizontal and vertical

tails, obtained from figure 4, 1, 4-1

wing-fuselage interference factor, obtained from figure 4. 1, 2-1

factor accounting for the body size relative to the vertical-tail
size, obtained from figure 4. 1. 4-1(d)

reduced mass factor, from potential-flow theory, obtained from
figure 4, 1. 3-1 as a function of fineness ratio

length of the fuselage, in.

effective length of the nacelle to the leading edge of the wing, in,

Mach number

number of nacelles
effective dynamic pressure at the vertical tail, Ib/sq ft
free-stream dynamic pressure, lb/sq ft

area of the horizontal tail, vertical tail, and wing, respectively,
sq ft

effective maximum cross-sectional area of the nacelle,
mdy
2144 SO Tt

thrust of propellers, lb

thrust coefficient, L

0
two-thirds power of the fuselage volume, sq ft

depth of the equivalent circular fuselage at the wing, in.

distance to the aerodynamic center of the horizontal tail from
the leading edge of the vertical-tail chord in the plane of the
horizontal tail, in,



r

(Ac/2)y (Ac/a),

Ac/4
(Ac/4)y,
Ay

gDte

a0

o

vertical distance to the root chord of the horizontal tail from the
root chord of the vertical tail, positive down, in.

vertical distance from the centerline of the equivalent circular
fuselage to the quarter-root chord of the exposed wing panels,
positive down, in,

angle of attack of the airplane relative to the X-body axis, deg

sideslip angle, deg
wing geometric dihedral angle, deg

sweep of the vertical-tail half-chord and quarter-chord line,
respectively, deg

sweep of the quarter-chord line, deg

sweep of the wing quarter-chord line, deg

vertical-tail taper ratio

trailing-edge angle, deg

rate of change of the sidewash at the vertical tail with sideslip
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TABLE 4,1,1-1

WING CONTRIBUTION TO CYB

6tan A, /4 SinAg /4

C
( Yﬂ)w = ( YB)
r=0 r

Ly
57.3 [mAy(AwBg + 4cosAg/g) | 0. 0001r

Symbol Description Reference Magnitude
M Mach number Wind-tunnel Mach number 0,083
Ay Wing aspect ratio Figure 3,2-1 7.5
(Ae/a) Sweep of wing quarter-chord line, deg Figure 3, 2-1 -2.5
w

r Wing dihedral, deg Figure 3.2-1 5.0
CLW Wing-lift coefficient Figure 4,1, 1-1 f(a)
Summary: (cY ) + (Cyy) =7.38x1077C12 - 0.0005 per deg

8)w B

r=0 r
TABLE 4,1, 2-1
FUSELAGE CONTRIBUTION TO CYB
( YB)f 1( B)f72/3 Sw
Symbol Description Reference Magnitude
22y . . s .
m Wing-body position parameter for obtaining K; Figure 3, 2-2 0.51
ty
K; Wing-~body interference factor Figure 4, 1,2-1} 1,25
(CY/}) CYB of equivalent axisymmetric fuselage on basis of V2f3 Table 4.3-1 of -0.01256
fr2/3 idered equal but ite in sign to (C reference 1
0

(considered equ: ut opposite in sign to ( La) f\—/2/3

based on potential flow term only), per deg
v2/3 Fuselage volume to two-thirds power Table 4.3-1 of | 31,0

reference 1

Sw Reference wing area, sq ft Figure 3.2-1 178.0

Summary: (CY5>f = -0, 00273 per deg on basis of S = 178 sq ft
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TABLE 4. 1. 3-1

NACELLES CONTRIBUTION TO CYB
2(ko - k )<Sx >
(CY > =-Zp s L
n
CYs), 3 57. 3 Sy
Symbol Description Reference Magnitude
n, Number of nacelles ——————————— 2
Sy Reference wing area, sq ft Figure 3, 2-1 178, 0
Sy ) Effective cross-sectional area of nacelle, sq ft Figure 3, 2-2 2,40
N/ max
ln
i Effective fineness ratio of nacelle Figure 3, 2-2 2.38
n
(kg - kq) Reduced mass factor of nacelle Figure 4. 1, 3-1 .59

Summary: <CYB) = -0, 00037 per deg on basis of Sy = 178 sq ft
n
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TABLE 4, 1. 4-1

VERTICAL-TAIL CONTRIBUTION TO CYB

(a) Effective aspect ratio, AVeff

_ Av( Avgfh)
AVeff_AV< A, >31 * Kh[ Av( ‘1] E

Symbol Description Reference Magnitude
Sh Horizontal-tail area, sq ft Figure 3.2-3 32,5
Sy Vertical-tail area, sq ft Figure 3,2-4 7.7

v Vertical-tail span, in, Figure 3,2-4 64,3
Ay Vertical-tail aspect ratio Figure 3.2-4 1, 62
(cv)h Vertical-tail chord in plane of horizontal tail, in, Figure 3,2-4 54,5
Xach(cv) Distance to aerodynamic center of horizontal tail from leading edge of Figure 3.2-4 38,0

vertical-tail chord in plane of horizontal tail, in,
le tical-tail chord in pl f horizontal tail, i
z Distance to root chord of horizontal tail from root chord of vertical Figure 3,2-4 -2,0
Cyn (C g .
Th(Cry) tail, in,
(df)V Depth of fuselage at quarter-root chord of vertical tail, in. Figure 3,2-4 %22, 0
Ay Vertical-tail taper ratio Figure 3,2-4 0. 433
by,
Y - — 2,92
(df)y
A
—AV—(Q Ratio of aspect ratio of vertical tail in presence of body to tail alone Figure 4. 1,4-1(a) 1, 36
v
xach(cv)le
—_— Parameter accounting for relative positions of horizontal and | --—-—----——- 0, 698
levy vertical tails
z 3

“rp(ry) . - .

— Parameter accounting for relative positiong of horizontal and ] ----—-mewe————- -, 031
by vertical tails

A

—v(fh) Ratio of aspect ratio of vertical tail in presence of body and horizon- Figure 4, 1, 4-1(b) 1. 19

Av(f) tal tail to that of vertical tail alone
5h
3 Ratio of horizontal- to vertical-tail areas | —eeccsscsce-—-- 1.84

v
Ky, Factor accounting for relative size of horizontal and vertical tails Figure 4. 1, 4-1(c) L11

Summary: A, _ =2,67
e

ff
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TABLE 4, 1, 4-1 (Concluded)

(b) Lift-curve slope of the vertical tail, (CL )
“/v(th)
27
c ) =A
< LOZ V(ﬂl) Veff 2
Veff [ o 2
2+ — B1 + tan (Ac/2) +4
ky/ v
Symbol Description Reference Magnitude
M Mach number Wind-tunnel tests 0, 083
Bf i-m . 993
A Effective aspect ratio of vertical tail Table 4, 1, 4-1(a) 2, 67
Veff
(Ac/z)v Sweepback of vertical-tail half-chord line, deg Figure 3, 2-4 25
<Cl ) Section lift-curve slope of vertical tail, per rad Table 4, 1-1 in 6,25
@ v (same as for horizontal tail; both have reference 1
NACA 0008 sections)
c
( lﬂ) . 995
k S
v 2m
Summary: (CL ) =3, 01 per rad = 0, 0525 per deg based on S, =17,7 sq ft
“/v(fh)
(¢} Vertical-tail contribution to CYB
7/ e Xod -v Sv
c =-k<CL> <1+—_——
( YB>v(wm) I\ )y () 9 g, Sw
where Sy
80) v Sy z
L+ == ]~—=0,724 + 3, 06 + 0,4 + 0. 0094,
( o5 a, 1+ cos (/\0/4)V (we)

Symbol Description Reference Magnitude
Sy Reference wing area, sq ft Figure 3,2-1 178, 0
Sy Vertical-tail area, sq ft Figure 3,2-4 17,7
(/\0/4)v Sweepback of vertical-tail quarter-chord line, deg Figure 3, 2-4 30,0
Zy Distance from equivalent fuselage centerline to the wing root Figure 3, 2-2 12,5

quarter chord, in,
(Wf)w Maximum depth of equivalent fuselage at the wing, in, Figure 3, 2-2 49,0
Ay Aspect ratio of the wing Figure 3, 2-1 7.5
(1 + (%Z)gl Wing wake and fuselage sidewash factor Equation (4, 1, 4-6) 1. 054
e
by,
Table 4, 1, 4-1(a) 2, 92
(df)v
ki Empirical correlation factor Figure 4, 1, 4-1(d) . 889
(C ) Lift-curve slope of vertical tail in presence of body and Table 4, 1, 4-1(b) 0. 0525
“/v(fh) horizontal tail
Summary: (CY,3> = -0, 00490 per deg based on Sy =178.0 sq ft
v(wfh)
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TABLE 4, 1,5-1

CYB OF THE COMPLETE AIRPLANE

(©%8) o ™ (%), * (C¥) T (%) (%), (%), oy P

r=0
off
Symbol Description Reference Magnitude
<CY ) Contribution of wing without dihedral Table 4, 1.1-1 7.38% 1077 CL%V
B)wr=o

(CYB> Contribution of wing dihedral Table 4, 1, 1-1 -. 00050

r
K (CYB> Contribution of fuselage and fuselage-wing | Table 4.1,2-1 -. 00273

f interference

(CYB> Contribution of nacelles Table 4, 1. 3-1 -. 00037

n
(CYB> Contribution of vertical tail in presence of Table 4, 1, 4-1(c) -, 0049

v(wfh) wing, body, and horizontal tail

Summary: (CYB> ~ -0, 0085 per deg
prop
off
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1.4

T¢=0.44
Tc -0 20 /
Propellers off
and T¢ =0
1.2

1.0 /
W /

based on
Sw =178 sq ft

0

-4 0 4 8 12 16
ap, deg

Figure 4, 1, 1-1, Propeller-off lift characteristics of subject airplane for wing-alone
condition with stall extended to power-on stall angles (from fig, 5. 1. 1-8 of ref, 1),
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2.0

1.8
1.6
Kj
1.4 \
High wing —
_—Low wing
1.2 AN
1.0
1.0 0 -1.0
z
9 W
(Wf)w

Figure 4, 1,2-1, Wing-body interference factor for wing-body side-force

derivative, CYB (from ref, 3).
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2.0
A0 I
1.2 A \\\%
Avif) o=
Ay
.8/
.4[
0 1 2 3, 4 5 6 7
v
@y
A
(2) Determination of -A-i@
v
2.0
1.6
Xach(c\,)le
(c\,)h
Avth) \&g
Avi(f) %%

.8 -

.4

0 -2 -4 -6 -.8 -1.0

Zerp ery)
by
Av(fh)

b) Determination of .
(b) A

Figure 4. 1,4-1, Charts for estimating the sideslip derivative parameters
for single tails (from ref, 3). Subsonic speeds.



1.2

I el — 1
8 ////
Kh ~ L
4
//
0 4 8 N 1.2 L6 2.0
Sy

(c) Determination of Ky,

1.2
8 //
S|
4
0 1 2 3
by
(d),,

’
(d) Determination of kj.

Figure 4. 1, 4-1, Concluded,
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Wing position

Low
— — —— Middle
—-— High
.4
0 ~
P il dhil "
-1~ —~4 T
~ N \\
— - 4+ ~ \
6_0_ -4 ~— ™
OB . \ \\J~
N . ~
Straight-wing \
-.8 model, Ac/g=0 ¥
-1.2
.4
— T N
——_“F—_—‘ ——— \
0 | - - - b — - \\ \
N N
B P AEEAN
—] \\ \\ \
-4 ~ ™. N \
~N \ \
o0 N\ \
B N N
\
y N
\
Swept-wing \
-1.2 model, Ay =45 ]
N- -
-1.4
-4 0 4 8 12 16 20 24
a, deg

Figure 4, 1, 4-2, Experimentally determined sidewash characteristics of
straight- and swept-wing models with varying wing position (from ref, 7).,
Aspect ratio = 4; taper ratio = 0, 6,



1.6
1.4
Avesf N\ )4
Ay
1.2
1.0 N~
.2 4 b/ 6 .8 1.0
v
by
4 "
//6/ |
3 A\ %
=
//Ay \_20
C - .
(YB>V ’ / | bh |
eff 2 V4 T
per rad Y. 1 by
by ;
1 tﬁﬁ—ﬁ —
[ B
0 1 2 4 5
Avet b
“h
1.0 lf
N 1.0
8 \\.'\\‘\‘\_““" .2
CY . - \\
< ﬁ>v(wfh) \\\ I e A
c )
<YB>Veff 6 S
\\
~— .2
!
4 .6 1.0
(ds)
_Vv
by

Figure 4, 1, 4-3,

(CYB >v(wfh

Charts for estimating the side-force derivative,
, for twin vertical tails (from ref. 3). Subsonic speeds.

39



340 sao[edoag ‘ejep [oUUNI-PUIM Y}m Q.WO poje[noreo jo uostardwo) °‘1-G°1 *y 9anSrq

91 4

01 8

bap ‘Up

9

- %

\EE najed

o — ——

= —

E}ep _occe.uc:s%

= o — — o

010°-

800 -
900°- Bap Jad
3o
do.ad
. d
b00 '~ A >ov
200 °-
0

40



4,2 Weathercock Stability, Cnﬁ
The weathercock stability derivative, Cnﬁ’ of the complete airplane in the clean,
propeller-off configuration is made up of contributions from the following:
(1) Wing
(2) Fuselage and fuselage-wing interference
(3) Nacelles

(4) Vertical tail, including the interference and sidewash effects of wing,
fuselage, and horizontal tail

These contributions to Cnﬂ, in the order listed, can be represented by

<Cnﬁ>prop B (Cnﬁ)w ¥ <Cnﬁ> f(w) ¥ <Cnﬁ>n ¥ (Cn’B)V(th) (&.2-1)
off

4.2.1 Wing Contribution to Cnﬁ

The wing contribution to weathercock stability is primarily due to the asymmetrically
induced drag distribution associated with asymmetrical lift distribution., Because the
effect of wing taper ratio and dihedral on the contribution can be considered negligible
(ref, 3), the wing contribution to CnB at low incompressible speeds can be estimated

from equation (4. 2. 1-1) from reference 4. The equation includes the effects of sweep,
aspect ratio, and center-of-gravity location,

C 2 .
ng 1 1 tanAg /4 Ay Ay X SinAc/4 _
(C_{; T B3 | TrAw T TAg(Ay * 4cosAgry) \“%%Ac/4T 2 " Bcoshgss T S  Aw (4.2.1-1)
low

speed

where, as obtained from figure 3, 2-1,
Ay is the wing aspect ratio
Ac/4 1is the sweep of the wing quarter-chord line
Cyw is the wing mean aerodynamic chord

X is the location of the wing aerodynamic center behind the center of gravity
on the mean aerodynamic chord

The results obtained above for low speeds can be modified for compressible but
subcritical speeds by using equation (4, 2, 1-2) from reference 5. This equation pro-
vides a first-order approximation of wing contribution to CnB at compressible flow
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conditions,

Ay + 4c08Ag/y A%,B% + 4AwBy cos Ag /g - 8cos2/\c/4 C“B
4/\ A% + 4A cos gy - 8cosZ Ay,

2
(Cnﬁ}w =ClLy (Asz + 4c08 Ag/ > ) (4.2, 1-2)
Lw low

where speed

BZ = \/1 - M20082A0/4
CLw is the wing lift coefficient from figure 4, 1. 1-1,

The contribution of the wing to Cnﬁ of the subject airplane at M = 0, 083 is calcu-
lated in table 4, 2, 1-1 to be

<an> =0, 996 Cnﬁ
W

c2
C2 LW
¥/ 1ow (4.2, 1-3)
speed ° o

=0, 000157 C?iW per deg

Although this contribution seems to be small, it is of the order of 10 percent of the net
Cnﬁ at high angles of attack,

4.2.2 Fuselage Contribution to Cnﬁ

The fuselage contribution to Cng is independent of Mach number, according to

slender body theory. The contribution of wing-fuselage interference is primarily a
function of the vertical position of the wing on the fuselage, It has been concluded, on
the basis of experimental evidence, that the interference contribution is independent of
wing sweep, taper ratio, and Mach number,

The net contribution of the fuselage and wing-fuselage interference to Cnﬁ (based

on wing area and wing span and referenced to a selected center-of-gravity position)
may be obtained from the following equation:

(8p ¢

£
C = Ky = — (4. 2. 2—1)
( nB)f(w) N 8y bw

where

(Sf)S is the fuselage side area from figure 3, 2-2

Sy is the wing area from figure 3, 2-1
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l¢ is the fuselage length from figure 3, 2-2

The quantity KN in equation (4.2.2 1) is an empirical correlating factor for fuselage
plus wing-fuselage interference, It was obtained from the nomograph of figure 4. 2, 2-1
from reference 3, This nomograph, originally developed in reference 8, was designed
for midwing configurations which show negligible angle-of-attack effects on the contri-
bution of the fuselage and wing-fuselage interference to CnB' In reference 3, on the

basis of wind-tunnel data, the effect of wing vertical position is considered to be small,
and by implication the use of the nomograph for other than midwing configurations is
recommended,

In the absence of more refined procedures for other than midwing configurations,
the nomograph provides a first approximation; however, wherever possible, effects of
wing vertical position should be taken into account. Wing vertical position, in other than
midwing configurations, significantly affects the influence of angle of attack on the con-
tribution of fuselage plus wing-fuselage interference to weathercock stability, This
influence is reflected in the full-scale wind-tunnel data of reference 9 for the single-
engine version of the subject airplane (fig. 4. 2,2-2). The wing-fuselage geometries of
the single- and twin-engine versions of the airplane are very similar, The vertical-
tail-off data in figure 4, 2, 2-2 obtained for ’I‘g = 0 conditions show pronounced variations

in weathercock stability with angle of attack,
Using the wind-tunnel data of figure 4. 2, 2-2, the nomograph of figure 4. 2. 2-1 was

extended to be applicable to aircraft with wings positioned below the centerline of the
equivalent axisymmetric fuselage a distance of 50 percent of the fuselage radius. As

2z
shown in figure 3, 2-2, Wf)—' of the subject airplane is 0,51; however, it was considered
w 2z
to be 0.50 for the nomograph, The angle-of-attack effects on Ky for (Wf)W ~ 0,50
w

were derived by subtracting the wing contributions (using eq. (4.2. 1-3)) and the propel-
ler normal-force effects from the data of figure 4, 2. 2-2, Equation (4. 2, 2-1) was then
used to obtain K.

The contribution of the fuselage (including wing-fuselage interference) of the subject
airplane to CnB is calculated in table 4, 2, 2-1 following the procedure used in Datcom

(ref, 3). In this procedure the midwing configuration is considered to be applicable to
other than midwing configurations, The calculations are also based on the extended
KN nomograph (fig, 4.2,2-3), which is more representative of the subject airplane,

The extended nomograph was used in the final calculation of the contribution of the fuse-
lage to Cnﬁ-

The use of the extended nomograph improved the correlation between calculated and
wind-tunnel-determined weathercock stability characteristics, as is shown in section
4,2,5,

43



4.2.3 Nacelles Contribution to Cnﬁ

The contribution of the nacelles to the weathercock stability relative to the stability
axes is obtained from

Xp COS oy + Z, sin ozb>
(4.2.3-1)

(), = ), (*—
where

(CY B) is the contribution of the nacelles to the side force due to sideslip,
n

obtained from section 4, 1, 3

Xns Zn are the distances from the center of gravity of the airplane to the center of
pressure of the nacelles parallel and perpendicular to the X~body axis, respectively,
obtained from figure 3, 2-2

The contribution of the nacelles to the weathercock stability of the subject airplane
is calculated in table 4, 2, 3-1.

4.2.4 Vertical-Tail Contribution to Cnﬁ

The contribution of the vertical tail to the weathercock stability relative to the
stability axes and in the presence of the wing, fuselage, and horizontal tail is obtained
from

l. cosay - z.sino
v b~ “v b> (4.2, 4-1)

C ) = - (c ) (
( 8 )v(wih) Y v(wih) * by
where
(CYB> is the contribution of the vertical tail to the side force due to sideslip,
v(wfh)
obtained from section 4, 1.4

ly,zy, are the distances from the center of gravity to the quarter chord of the

vertical-tail mean aerodynamic chord, parallel and perpendicular, respectively, to the
X-body axis with z; positive below the center of gravity, obtained from figure 3, 2-4

The contribution of the vertical tail to the weathercock stability of the subject air-
plane is calculated in table 4, 2, 4-1,

4.2.5 Weathercock Stability of the Complete Airplane

The weathercock stability of the complete airplane is determined by summing the
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component contributions discussed in sections 4,2, 1 to 4,2,4, or, as expressed pre-

viously,
<CnB)prop - (Cn3>w ¥ (Cn3>f(w) ¥ (Cnﬁ)n ¥ <Cnﬁ>v(wﬂ1) (*-2-D)
off

The calculated weathercock stability, C,, , of the complete airplane is summarized
in table 4,2, 5-1, Values of C,  are shown that do and do not take into account the

influence of angle of attack and vertical wing position on the wing-body interference
contribution,

When compared with full-scale wind-tunnel data, the calculated results that account
for the effects of angle of attack and vertical wing position show improved correlation
at low angles of attack and a tendency to follow the wind-tunnel data (fig, 4.2,5-1), If
suitable design data had been available to account for angle-of-attack effects on the
sidewash acting on the vertical tail, the correlation with wind-tunnel data would prob-
ably have been improved throughout the angle-of-attack range investigated.

4.2.6 Symbols
Ay wing aspect ratio

By = (1 - M2 cos2A ¢/4)L/2

bw wing span, ft
CLw wing lift coefficient
C weathercock stability derivative; variation of yawing-moment
8 coefficient with sideslip, per deg
<Cn ) fuselage contribution to C in the presence of the wing
B) f(w) g
( Cnﬁ)n contribution of the nacelles to Cn.B
(Cn ) C of the complete airplane, propellers off
B prop HB
off
(Cn3> viwh) vertical-tail contribution to Cnﬁ in the presence of the wing,
fuselage, and horizontal tail
C wing contribution to C
(Cng).y & ng
Ch net contribution of the wing, fuselage, and nacelles to C
B/win g
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contribution of the vertical tail to the variation of the side-force
coefficient, Cy, with sideslip, B, in the presence of the wing,

fuselage, and horizontal tail, per deg
mean aerodynamic chord of the wing, in.
function of the angle of attack
fuselage parameters, defined in figures 4.2, 2-1 and 4, 2, 2-2

empirical factor accounting for the wing-fuselage interference in
calculating the fuselage contribution to CnB

fuselage length, ft

distance along the X-body axis from the center of gravity to the
quarter chord of the vertical-tail mean aerodynamic chord, in,

Mach number
Reynolds number
free-stream dynamic pressure, lb/sq ft

side area of the fuselage, sq ft
reference wing area, sq ft

thrust due to the propellers, Ib

thrust coefficient, —
9o Sw
maximum width of the fuselage, in.

width of the equivalent circular fuselage at the longitudinal
station of the quarter-root chord of the exposed wing panels, in,

distance from the center of gravity to the wing aerodynamic
center as a fraction of the mean aerodynamic chord, in,

distance from the center of gravity to the nose of the fuselage, in,

distance along the X-body axis from the center of gravity to the
center of pressure of the nacelle side force (fig, 3.2-2), in,

perpendicular distance from the X-body axis to the center of
pressure of the nacelle side force, positive down, in,



ap
Ac/4

distance along the Z-body axis from the center of gravity to the
quarter chord of the vertical-tail mean aerodynamic chord, in,

vertical distance from the axis of the equivalent circular fuselage
to the quarter-root chord of the exposed wing panels (fig, 3,2-2),
positive down, in,

airplane angle of attack relative to the X-body axis, deg

sweep of the wing quarter-chord line, deg
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TABLE 4,2,1-1

WING CONTRIBUTION TO CnB

<C Cz < Ay + 4cosAg/4 A%,B% + 4A BgCO8 Ag /g - 80032/\0/4 Ch
n>=LWAB+4005A 9 9
Blw wo2 c/4 A% + 4A,,cOS Ay sy - 8Os A /g wa Low
speed
2
) I U L cosn. s W AW % sinfgs
p 573 | TrAy ~ mAy(Ay + 4€08 Ag/p) ¢/47 % T BcosAg/a & A
L low
speed

Symbol Description Reference Magnitude
M Mach number Wind-tunnel test condition 0. 083
Ay Wing aspect ratio Figure 3. 2-1 7.5
Ac/4 Sweep of wing quarter-chord line, deg Figure 3. 2-1 -2.5
Cw Wing mean aerodynamic chord, in, Figure 3, 2-1 59,5
X Wing aerodynamic center - center of gravity = 0, ZSEW - 0, 108y, Figure 3, 2-1 . 15¢
By 1-M2cos? Ay, Equation (4, 2. 1-2) , 997
CLW Wing lift coefficient based on 8y =178 sq ft Figure 4, 1, 1-1 f(ap)

Summary: (cn5>

w

=0, 000157 lew per deg
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2
C (c ) =0, 000157
CYb, deg I‘W nB w @
-4 0 0
-2 . 145 . 000003
0 0. 292 0, 000013
2 . 437 , 000030
4 0. 584 0, 000054
6 ., 730 , 000084
8 0.875 0. 000120
10 1,023 , 000164
12 1. 160 0. 000211




TABLE 4, 2,2-1

FUSELAGE CONTRIBUTION TO CnB

(Sf)s I
(Cnﬁ)f(w) R S vl

Symbol Description Reference Magnitude
(Sf)S Fuselage side area, sq ft Figure 3, 2-2 68,4
Sw Wing area, sq ft Figure 3, 2-1 178
ls Length of fuselage, ft Figure 3, 2-2 24,2
by, Wing span, ft Figure 3.2-1 36,0
Zy Vertical position of wing below centerline of Figure 3,2-2 12,5

equivalent fuselage, in,
(we)_ Width of equivalent circular fuselage at the quarter- Figure 3.2-2 49.0
w root chord of exposed wing panel, in,

22y U I .51
(W )y
N Reynolds number based on body length Wind-tunnel test N 15,7 x 106

Re Re
Xm, h,hy, he Geometric fuselage parameters required for Kn Figure 4,2, 2-1 As listed
Ky Empirical factor for fuselage C“B in presence of wing -

If ap and vertical position of wing are negligible Figure 4,2, 2-1 0, 0018

If a)p and vertical position of wing are not negligible

Figure 4,2, 2-3

2zw
f(ab, (——_Wf)w>

Summary: If o and vertical position of wing are assumed to be negligible,

If ap and vertical position of the wing are taken into account and

C = -0, 000465 per de
< “ﬁ)f(w) &

C = -0, 258K er de
< nB)f(W) N P g

—_
wi)

2z
=0.51 0,50,
w

------- Figure 4, 2, 2-3 —————— e e e
ay, deg Ky (Cnf3>f(w) = -0.258 @
-4 0, 00036 -0, 000093
-2 . 00036 -, 000093
0 0. 00036 -0, 000093
2 . 00055 -, 000142
4 0. 00072 -0. 000186
6 . 00105 -, 000271
8 0, 00164 -0, 000423
10 . 00192 -, 000495
12 0. 00205 -0, 000529




TABLE 4.2, 3-1

NACELLE CONTRIBUTION TO Cnﬁ

Xy, COS Qp + Zp 8in ozb>

(Ong), = (05), (2220

Symbol Description Reference Magnitude
(CYB) Contribution of nacelles to side force due to sideslip Table 4,1,3-1] ~0.00037
n
Xn Distance along X-body axis from center of gravity Figure 3, 2-2 25,0
to the center of pressure of the nacelle side
force, in.
Zy Perpendicular distance from X-body axis to center Figure 3, 2-2 -7.0
of pressure of nacelle side force, positive down,
in,
by Wing span, in., Figure 3, 2-1 432

Summary: (CHB) = (CYﬁ) (0. 0579 cos a, - 0. 0162 sin ap) per deg
n n

= -0, 0000214 cos ap, + 0, 0000060 sin o

50

@ @ ® ®
ap, deg | cos D | sin @ (Cnﬁ>n = -0, 0000214(2) +
0. 0000060(3)
-4 0,9976 | -0,0698 -0. 000022
-2 .9994 | -.0349 -. 000022
0 1. 0000 0 ~0. 000021
2 . 9994 . 0349 -, 000021
4 0.9976 | 0.0698 -0, 000021
6 . 9945 . 1045 ~. 000021
8 0.9903 | o0.1392 ~0. 000020
10 . 9848 . 1736 -. 000020
12 0.9781 | 0.2079 -0. 000020




TABLE 4,2,4-1

VERTICAL-TAIL CONTRIBUTION TO CnB

(CnB)v(wfh) - -(CYB)v(wfh) (

lv cos oy, - z, sin azb>

Symbol Description Reference Magnitude
(CYB) Contribution of vertical tail to side force due Table 4, 1, 4~-1(c) -0, 0049
v(wth) to sideslip, per deg
lv Distance along X-body axis from center of Figure 3,2-4 164, 9
gravity to quarter chord of vertical-tail
mean aerodynamic chord, in,
Zy Perpendicular distance from X-body axis to Figure 3,2-4 -45.9
quarter chord of vertical-tail mean
aerodynamic chord, in,
by, Wing span, in, Figure 3, 2-1 432, 0
Summary: (Cnﬁ> v(wih) =0, 00187 cos ap, + 0, 000521 sin ap,
ap, deg | cos(D) sin (1) (CnB) =0,00187(2) +
v(wfh)
0. 000521(3)
-4 0.9976 | -0, 0698 0. 001829
-2 . 9994 -, 0349 . 001851
0 1. 0000 0 0,001870
2 . 9994 . 0349 . 001887
4 0.9976 0, 0698 0, 001902
6 . 9945 . 1045 . 001914
8 0.9903 0.1392 0,001924
10 . 9848 . 1736 . 001932
12 0.9781 0.2079 0, 001937
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For subject airplane -

Xm=99.14in.  h=54.0in.
1=290.0in. ~ h1=38.0in.
Wiax =48.0in.  h2=29.01in.

=—Xm —= h (Sf) =68.4 5q ft
i3 2 Nge = 15.7 x 106
X h
h h o= _lfm =0.342 /h—; =1.146
’ Y 2
4 o =856 _N__
o 31f (Sf)s Wmax
4
-~ =] 2 h
(Sf)S 0.8 1.0
// §.5 1/
// 1.2
80 x 106 % ] f/g / /,//1.2
60 // //'/ /_'///‘47 8 ////%/
NRe based —1_ —1T— o
P o e [ 2
length 20 / — ey = el - —
- - —
A | BT !
0 I — r
| A 2 3 4 5 6 .1 .8
L Xm :
3 T N
\\r- S Se———+———F \\\ %max
! \\\\\\ 5
| B
! &\
' 8
[
| \\
| 1
! 2
0 .001 .002 .003 .004
KN

Figure 4, 2, 2-1,

Empirical factor, Ky, related to the derivative CnB for

the fuselage plus wing-fuselage interference (from ref. 3). Midwing con-

figuration,
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2 N
_t h2
2.5 /
//’/3 1.2
80 x 109 ey == s b
/ .
NRe 60 i :,/// ;2427 // //f/‘/
/
based on 4 ///22'442%610 /yA/
hf::;ﬂe 20 ..-(/ e e A
N ll==: w
I = T
1 d .23 4.5 .6 .7 .8 I
‘\\ Xm I
B N ¥ K h
v T i - T—-l-T A w
N N max
| N \\ 6
} \i\\ 8
! Ky (midwing: T 0 &\ '1
(Wf)w
0 2
0 001 =002 | .003 | .004 ]
N~ ] ap, 0€9 f«—Xp—
001 \ \\|§\\\\ 4t00 h2
. \\ }\ ~ L, —
A\§ % h &
22 CTT TN 4
W DN T
N 2 i
.003 \\\\ 4
\\\\ lf
8
.004 AN . :
12 10 KEquwaIent circular fuselage
P I (w )_W

Axis of equivalent fuselage -

Iy G%
Quarter chord of exposed wing-root chord

Figure 4, 2, 2-3. Extension of the nomograph of figure 4, 2, 2-1 to obtain the empirical

=0, 50,

factor Ky for low-wing configuration where —— =
(Wi
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4.3 Effective Dihedral, C; 8

The effective dihedral derivative, C} B of the complete airplane in its clean con-
figuration is considered to be made up of contributions from the following:

(a) Wing in the absence of geometric dihedral

(b) Wing geometric dihedral

(c) Wing-fuselage interference effects in the absence of geometric dihedral

(d) Fuselage interference effects on wing geometric dihedral

(e) Vertical tail in the presence of the wing, fuselage, and horizontal tail

These contributions to the airplane effective dihedral are represented, in the order
listed, by

(Clﬁ>p:§p= (Cl3>wr=o + (CZB>F + <Clﬁ)f(w)r=0 + <CZB) o) + <Cl B)V(wfh) (4. 3-1)

It should be noted that a negative value of Cy 8 signifies positive effective dihedral and
a positive value of Cy B signifies negative effective dihedral,

The horizontal-tail contribution, for most general aviation configurations, is taken
to be negligible. When the horizontal tail has significant geometric dihedral and a
relatively large area, its contribution is accounted for by analyzing it as another wing,
For the subject airplane, the horizontal-tail contribution to C, g of the complete air-

plane was of the order of 1 percent., This is much less than the contributions listed
and, consequently, is not included in the calculations,

4.3.1 Wing Contribution to Clﬁ

For the subsonic speed conditions and angles of attack within the linear lift range,
the wing contribution to C} B is primarily a function of aspect ratio, taper ratio,

sweep, and geometric dihedral, Wing twist generally has a negligible effect on the
C B of general aviation aircraft, The wing contribution is accounted for by considering

its contribution in the absence of geometric dihedral, adding the effect of geometric
dihedral, and adding the effect of wing twist if pertinent, Thus,

(c2p),, = (CZB)Wrzo ¥ (Clﬁ)p * <CZB>0 (4.3.1-1)

In the absence of wing twist and geometric dihedral, C; 8 may be obtained to a good

degree of accuracy from equation (4, 3. 1-2) which was derived in reference 10 on the
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basis of a modified lifting-line theory using a vortex system.
Ci AC
(cl ) =Cr,, —£ + (28 (4,3.1-2)
Blwp CLy CLw
r=0 M=0 M

CLW is the lift coefficient of the wing, from figure 4. 1, 1-1

where

Cy
C—L% is the low-speed derivation, obtained from figure 4.3.1-1, which
M=0

is a graphical representation of

Ci

B 2.1 3 - 6 1-)

<é—-> __E[m + y* (tanA0/4-A—“., m)] + 0,05 per rad (4. 3- 1_3)
W/ M=0

AC;
(——CL‘f > is the influence of the compressible flow which is accounted for by
M

2.2
AClB _ 1., AwM tanAg /4
M

=
Lw Aw \2 2 9 172 (Aw 2 2 M2 v
(“‘77) TAWMEEAL QT —7) T AwM T 4

In equation (4, 3, 1-4), y* is the spanwise position of the centroid of the angle-of-attack

per rad 4.3.1-4)

span loading as a ratio of the wing semispan, Z—! , obtained from figure 4, 3, 1-2,

The contribution of uniform geometric dihedral to Cz 8 is accounted for by equation

(4. 3. 1-5) from references 11 and 3, (Nonuniform geometric dihedral effects are con-
gidered in references 12 and 13,)

Ct
<CZB)F = F<_—FE>M=O KMI‘ per deg (4. 3. 1-5)

where

I is the geometric dihedral in degrees

Cy
Q_FE>M—O is the effect of uniform geometric dihedral on Cj 8 at low speeds,
obtained from figure 4, 3, 1-3
58



KMF is the compressibility correction factor (fig. 4. 3. 1-4)

The effect of wing twist on C} g’ although generally negligible for general aviation

wing configurations, can be accounted for by the following equation from reference 3:

<c = 6 tan A <_ffﬁ?_> per deg (4. 3. 1-6)
ZB)g ¢/4 \GtanAg/a o

where

6 is the wing twist between root and tip chord, deg

ACy i
m is the wing-twist correction factor (fig. 4. 3. 1-5)

The contribution of the wing to Cg B of the subject airplane is calculated in ta-

ble 4, 3, 1-1, It should be pointed out that the compressibility correction for a Mach
number of 0, 083 is insignificant in this instance,

4.3.2 Effect of Fuselage on Wing Contribution to Clﬁ

The contribution of the fuselage alone to C; g is negligible, However, the addition

of the fuselage to the wing results in several wing-fuselage interference effects which
can alter the wing contributions significantly,

One well-known interference effect is related to the vertical location of the wing on
the fuselage. A high wing results in a more positive effective dihedral and a low wing
in a less~-positive effective dihedral than obtained for an isolated wing, A midwing
position on the fuselage results in essentially zero interference effect, Wing position
affects Cz, because it affects the crossflow around the body. Changing the crossflow
causes changes in the local angle of attack of the wing, This effect was treated theo-
retically in reference 14 and was simplified to the following format in reference 15:

L2VAw Zy h 4 w

C = ‘w )
j}: ( lB)f(W)P=O 57.3 bw by (4. 3.2-1)

A second interference effect, which is an extension of the first, involves geometric
dihedral., Because the vertical position of the wing relative to the fuselage varies
along the span of a wing having geometric dihedral, the fuselage-induced crossflow
effect on the wing must be modified, This fuselage interference effect may be accounted
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for by the following equation developed in reference 11:

C = 005 \JA (df’w]zr d 4.3,2-2
(lﬁ)fm"o-o 5 VAy By per deg (4.3.2-2)

where

(df)w is the diameter of the equivalent circular fuselage at the wing, from
figure 3,2-2

by is the wing span, from figure 3. 2-1
Ay, is the wing aspect ratio, from figure 3, 2-1

[ is the geometric dihedral, from figure 3.2-1
A thi;d interference effect was shown by reference 11 to be associated with the
length, lf, of the fuselage forebody (from the nose to the midchord point og,the tip

chord), wing span, and wing sweep, A decrease in C}, with increasing L and sweep
A by

was observed, At zero sweep the effect was nil. This additional fuselage effect, as
indicated in reference 11, may be the result of a reduction of the wing effective side-
slip angle due to the flow field of the fuselage, More research is required with regard
to this fuselage effect, For the subject airplane, this effect may be considered to be
negligible,

The wing-fuselage interference effects on Cy B of the subject airplane are calculated

in table 4, 3. 2-1,

4.3.3 Vertical-Tail Contribution to C} 8

The contribution of the vertical tail to Cy 8 in the presence of the wing, fuselage,

and horizontal tail is obtained from equation (4, 3,3-1), Relative to the stability system
of axes,

z, COS ay, + lvsm o

(CZB> v(wth) ~T <CYB) v(wfh) bw

(4. 3.3-1)

where
(CY > is the side force due to the sideslip of the vertical tail in the
B/ v(wih)
presence of the wing, fuselage, and horizontal tail, obtained from table 4. 1. 4-1(c)

zy,l, are the distances from the center of gravity to the quarter chord of the

vertical -tail mean aerodynamic chord perpendicular and parallel, respectively, to the
X-body axes; zy is positive below the center of gravity, obtained from figure 3.2-4
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by is the wing span

The contribution of the vertical tail to the C; 8 of the subject airplane is calculated

in table 4, 3, 3-1,

4.3.4 Clg of the Complete Airplane

The C;

of the complete airplane is determined by summing the component con-

tributions discussed in sections 4, 3, 1 through 4. 3, 3 or

(Cl‘*)prop ) (Clﬁ)wr=0 * (CZB>F ) (Cl3>f(w)F=0 * (Clﬁ)f(r) v <Cl3>v(wfh)

off

(4. 3-1)

The component contributions are summarized in table 4. 3.4-1, The calculated results,
when compared with analyzed full-scale wind-tunnel tabulated data (fig. 4. 3. 4-1), show
good correlation through the linear range of the lift curve,

4.3.5 Symbols

Aw

wing aspect ratio
wing span, in,

wing lift coefficient

effective dihedral parameter, variation of the rolling-
moment coefficient with sideslip, per deg

effective dihedral of the complete airplane with propellers
off

vertical-tail contribution to C; B
wing contribution to C l 8

contribution of the fuselage interference to the wing con-
tribution to C; 3 in the absence of geometric dihedral

contribution of the wing to C l 8 in the absence of
geometric dihedral

contribution of the wing geometric dihedral to C l
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contribution of the fuselage interference to the wing
geometric-dihedral contribution to Cg 8

contribution of the wing twist to C;

incompressible-flow contribution to ( C; ) as a
B Wr=0

function of the wing-lift coefficient
incompressible-flow contribution to <Cl B)[‘ as a function

of the geometric dihedral, obtained from figure 4. 3, 1-3
influence of subsonic flow compressibility on <Cl B)

Wr=0

as a function of the wing-lift coefficient

wing-twist correction factor from figure 4, 3,1-5 used
to obtain (C l B)G

contribution of the vertical tail to the variation of the
side-force coefficient with sideslip in the presence of
the wing, fuselage, and horizontal tail, per deg

diameter of the equivalent circular fuselage at the wing
(similar to (Wf)w), in,

function of the angle of attack

height of the fuselage at the wing location (similar to
(Wf)w), in,

compressibility correction factor from figure 4. 3. 1-4
used to obtain <C l B)
r

length of the fuselage forebody extending from the nose to
the midchord point of the tip chord, in.

distance along the X-body axis from the airplane center
of gravity to the quarter chord of the vertical-tail mean

aerodynamic chord, in,

Mach number



width of the fuselage at the wing location (similar to
(we),)» in,

maximum width of the equivalent circular fuselage at the
longitudinal station of the quarter-root chord of the
exposed wing panels, in,

spanwise position of the centroid of span loading as a
fraction of the semispan

distance from the X-body axis to the quarter chord of the
vertical-tail mean aerodynamic chord (fig. 3.2-4),
positive down, in,

vertical distance from the axis of the equivalent circular
fuselage to the quarter-root chord of the exposed wing
panels (fig. 3,2-2), positive down, in,

airplane angle of attack relative to the X-body axis, deg

sideslip angle, deg

wing geometric dihedral, deg

wing twist between the root and tip chord, deg

wing sweep of the half-chord and quarter -chord line,
respectively, deg

wing taper ratio
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TABLE 4,3, 1-1

WING CONTRIBUTION TO ClB

()= Coo)y (C2e),

2 a2
Cy 1-, AyM“tanAg/y
(2) (CZB) = CLw —‘éc -5y
¥r=0 Lw/M=0 2 2
SRRV JON UL A | G 22, 4 |V
cosAg/a) VW * 2 cosAg/a/) AgM
Symbol Description Reference Magnitude
M Mach number Wind-tunnel test condition 0. 083
CLW Wing lift coefficient Figure 4,1.1-1 f(a)
Ay Wing aspect ratio Figure 3. 2-1 7.5
Aw Wing taper ratio Figure 3,2-1 . 513
Ao/ Sweep of wing quarter-chord line, deg Figure 3.2-1 -2.5
Cy B
T Low-speed derivation of CZB as a function of Cy | Figure 4,3.1-1 -0, 02 per rad
Lw /M=0 -0. 000349 per deg
y* Spanwise position of the centroid of span loading as Figure 4,3, 1-2 . 423
a fraction of the semispan
Summary: (Clﬁ) = - (0,020 - 0,00047)Cy,  per rad
wr=0
= -0, 000348 CLw per deg
Ct
b (cz.) = <-——-‘3) K
®) ( ZB )r \T Mp
Symbol Description Reference Magnitude
M Mach number Wind-tunnel test condition 0, 083
Ay Wing aspect ratio Figure 3,2~1 7.5
Aw Wing taper ratio Figure 3.2-1 .513
Ac/2 Sweep of wing half-chord line, deg Figure 3,2-1 ~5.0
]
= Effect of geometric dihedral on Clﬂ at low speeds Figure 4,3, 1-3 -0, 00023
M=0
KMF Compressibility correction factor Figure 4.3, 1-4 1. 00
r Geometric dihedral of wing, deg Figure 3.2-1 5.0
Summary: (Clﬂ)r‘ = -0, 00115 per deg

@ 1)y ™ Coo)y * Clak

(CZB)W = -0, 000348 CL__ - 0.00115 per deg




8op aad 882000 °0 =

Q) 0=Jm
880000 °0 - 928000 °0 = AQNOV + i NAQNOV :Arewrwang

0°S 1-3°¢ @an31g 8op ‘Buim jo [eapayIp OLIIOW08N J
6% Z2-%°'¢ 2andig ‘ur ‘Surm je o8elesny ae[NoIIO JusTRAIbO JO J3joWRI(] M=1= 3@3
‘ur ‘o8erosny aenoaro jusjeambo
G°Z1 2-% ‘¢ 2ansig JO JUII8IU9D 0} 9ATIR[AI SUIM Jo uonIsod [BOI)I9A My
0 °28% 1-g '¢ 9and1g ‘ur ‘ueds Suim Mq
G°L 1-2 ‘g 9an31q onex joadse Suim My
apnjrudey 90USISJa Y uonydiaosa(g ToquiAg

M .
wmvmu Jod J ﬁlﬂlu— 3<7 G000 ‘0 - 3& |>>|Q € LG
4

M (Ip)

3._-& 3N EN.H =

QNO OL NOILNEIYLNOD ONIM NO IOVIASAd A0 LOAIId

I-2°¢'¥ A'1dV.L

_ :aAQNOV . onr_AaaAnNov

65



TABLE 4, 3. 3-1

VERTICAL-TAIL CONTRIBUTION TO CZB

z,,CO8 ay + lV sin ay,

L5) iy~ (%)
( L6 ) ywih) Y8/ v(wth) by
Symbol Description Reference Magnitude
( YB) Vertical-tail side force due to sideslip in presence Table 4. 1, 4-1(c) -0, 0049
v(wih) of wing, fuselage, and horizontal tail, per deg
Zy Distance from X-body axis to quarter chord of Figure 3. 2-4 ~45,9
vertical-tail mean aerodynamic chord, in.
ly Distance along X-body axis from center of gravity Figure 3.2-4 164.9
to quarter chord of vertical-tail mean
aerodynamic chord, in.
by, Wing span, in. Figure 3, 2-1 492.0

Summary: (CZB>V(th)

= -, 000521 cos o, + 0, 00187 sinop
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CHECHNC, ®
o, ' (Clﬁ) . -0,000521(2) +
deg | °° @) s @ Vi) 0. 00187(3)
-4 |o0.9976 | -0.0698 -0, 000650

2 | .99%4 | -.0349 -.000586

0 |1.0000 0 -0, 000521

2 | .9994 | .0349 -.000455

4 [o0.9976 |0.0698 -0, 000389

6 | .9945 | .1045 -. 000323

8 lo.9903 |o.1392 -0. 000256

10 | .9848 | .1736 -.000188

12 |o.9781 |o0.2079 -0, 000121
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4,4 Rolling and Yawing Moments Due to Aileron Deflection

The rolling and yawing moments due to aileron deflection to be considered are for
ailerons made up of plain, differentially operated trailing-edge flaps. The method to
be used to obtain yawing moments due to aileron deflection, Cn(3 , is contingent on

a

knowledge of the rolling moment due to aileron deflection, C; 5. thus, this is discussed
a

first,

4.4.1 Rolling Moment Due to Aileron Deflection, CZ
a

The method described in reference 13 was used to obtain the rolling-moment
effectiveness, C} by for plain, differentially operated trailing-edge flaps. The method,

based on simplified lifting-surface theory, is applicable up to a Mach number of approx-
imately 0, 6 and is valid if no flow separation exists for the wing angle of attack and
surface deflection being considered,.

For aileron panels rigged to have equal and opposite displacement, this method can

be summarized by the following equation, in which the total aileron deflection is
measured in a plane parallel to the plane of symmetry:

Cl5a= -3 -ﬁ_l(aé)cl A<—E CZ6£> (4.4, 1-1a)

For differentially operated ailerons, that is, aileron panels having unequal and opposite
displacement <6£L == 6£R>’ this equation takes the following form:

_15_A<B1 . >;[(a6)cl]LGaL- [(aé)cl]nﬁaag

1
Clgr=-3 < Cis/
2B k -
[} 1 0a Oar, - Oag (4, 4, 1~1b)
When the aileron deflection is measured normal to the hinge line,
C = Cléé 2
L6a = Cos Apg (4.4.1-2)

In equations (4. 4. 1-1a) and (4. 4. 1-1b), loss in aileron panel effectiveness is
accounted for by the section lift-effectiveness parameter, (@5 )cl , Which is based on

the deflection of the individual aileron panels., For ailerons having chords equal to or
less than 25 percent of the wing chord, the loss in effectiveness does not start until the
aileron panel is deflected beyond about 12°, Thus, for equally deflected aileron panels,
loss in effectiveness does not begin until the total aileron deflection, 04, is about 24°,

For the subject airplane, which has differentially operated ailerons, the loss in effec-
tiveness does not begin until the aileron deflection, 8,4, is about 21°, Because the
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predicted aileron effectiveness is to be compared eventually with wind-tunnel and flight
data from which CZG is based on aileron deflections of less than 21°, the two equa-
a

tions are identical for present purposes, Thus the first format (eq. (4.4, 1-1a)) will be
used,

In equations (4. 4. 1~1a) and (4. 4, 1-1b),

Ay is the sweep of the hinge line, obtained from figure 3, 2-1

Br=V1-M (4.4, 1-3)

k= T (4. 4. 1-4)
where o is the section lift-curve slope in radians, from section 4. 1 in reference 1

The section lift-effectiveness parameter, (015)CZ ,» in equations (4. 4. 1-1a) and

(4.4, 1-1b) is obtained from
(ap),, =- —= (4. 4, 1-5)

where

¢; is as defined from equation (4. 4, 1-4)
o)

c 5 is the section-lift effectiveness of plain trailing-edge flaps, defined by

1 Cls

/
clé B; ( K (ref, 3) (4. 4. 1-6)

Cc
U naory e

where

(CZ 6) is the theoretical section lift effectiveness of plain trailing-edge flaps
/theory

(obtained from fig, 4,4. 1-1) as a function of the airfoil section thickness ratio, t/c,

c
and the effective ratio of the flap chord to the wing chord, <?f> , Within the aileron
av
span
s
Z_c-l_— is the empirical correction for the section lift effectiveness of
6) theory
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c
plain trailing-edge flaps (obtained from fig. 4.4.1-2) as a function of <—i> and
av

C
Cla

(c )
Lo theory
€l

<°Z oz) in the ratio of ) ¢ is obtained from the following equation
theory ( oz) theory

(eq. (4.1-1) in ref, 1), in radians:

(CZ ) = 6,28 + 4, 7(t/c)(1 + 0. 00375 ¢;,) (4. 4. 1-7)
o
theory

K’ is an empirical correction factor for the section-lift effectiveness of plain
trailing-edge flaps at high flap deflections (obtained from fig. 4. 4. 1-3) as a function

Cf
of flap deflection, &5, and (-—zl
W /av

B
The parameter A(T} C 26’ in equations (4, 4, 1-1a) and (4. 4. 1-1b) defines the
a

difference in the roll effectiveness of a full-chord aileron extending from the plane of
symmetry to the outboard tip of the aileron, No = yo/(b/2), and a full-chord aileron

extending to the inboard tip, n; = yj/(b/2). This parameter (obtained from fig. 4.4.1-4)

B1A
is a function of 7, S wing taper ratio, A, and
tan A
-1 c/4 .
A =tan =~ ——=—— 1in degrees 4,4,1-8

Figure 4. 4. 1-5 shows a cross plot of figure 4, 4, 1-4 used to obtain
B
A <?1 025,> for the subject airplane, The cross plots were obtained at 7, = 0,977
a

and 7; = 0,685 for a wing taper ratio of 0.51 and AB; =- 2,5°,

The calculations for the rolling-moment effectiveness of the ailerons of the subject
airplane are summarized in table 4.4, 1-1. A comparison of the calculated CZG for
a

the propeller-off condition with wind-tunnel data obtained at Té =0 (fig. 4.4.1-6)
shows reasonably good correlation,

4.4.2 Yawing Moment Due to Aileron Deflection, C,
)
a

Yawing moments due to aileron deflection depend upon the aileron geometry and are
primarily the result of antisymmetric change in induced drag of the wing due to the dis-
placement of the ailerons, The yawing moments could be affected by a net antisymmetric
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change in profile drag due to aileron deflection, depending on the nose shape and gear-
ing of the ailerons,

The antisymmetric change in induced drag due to aileron displacement produces an
"adverse aileron yaw'" which yaws the nose of the airplane away from the turn roll pro-
duced by the ailerons, This antisymmetric change in induced drag is not affected by
differential gearing of the ailerons in normal aileron operation. For ailerons having
equal and opposite displacement, the change in profile drag for each aileron is approx-
imately equal and does not contribute to the yawing moments, However, for differen-
tially geared ailerons, there is a net antisymmetric change in the profile drag which
tends to alleviate the "adverse aileron yaw, "

Although the subject airplane has differentially geared ailerons and both antisym-
metric induced drag and profile drag changes due to aileron deflection should be calcu-
lated, there is a lack of design data from which to estimate the effect of the profile drag
changes, Thus, for a first approximation, only the antisymmetric induced-drag effect
is calculated,

The antisymmetric induced effect has been recognized as being proportional to the
wing lift coefficient, CLW, and aileron rolling-~moment effectiveness, C L. As a
a

result of these proportionalities, the yawing moments due to aileron deflection can be
represented by

C,. = (CH/CDC c A 4,4,2-1
néa_ CLW Ly léacos hi (4. 4, )
or
Cnﬁa = KCLWCZ(Sa COSApy (4. 4.2-2)
where

K is an empirical factor dependent on planform geometry

CLW is the wing lift coefficient for zero aileron deflection

C; is the rolling-moment effectiveness of the ailerons with aileron deflection

%a

measured perpendicular to the hinge line

For plain flap-type ailerons extending to the wing tip, the factor K may be obtained
from figure 4.4, 2~1 as a function of wing taper ratio, A, wing aspect ratio, A, and
inboard-tip location, 7 = yi/(b/2), of the aileron, This design chart, from reference 3,

was originally presented in reference 8,
For ailerons not extending to the wing tip, equation (4. 4, 2-2) is used to obtain the

difference in the yawing moments of two hypothetical ailerons, One of the hypothetical
ailerons is assumed to extend from the inboard tip of the actual aileron to the wing tip,
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and the other to extend from the outboard tip of the actual aileron to the wing tip., The
difference in the yawing moments per unit 0, thus obtained is the Cn(3 of the actual
a

aileron.

The calculations for the yawing moment due to aileron deflection of the subject air-
plane are summarized in table 4, 4,2-1, A comparison of the calculated C115 for the
a

propeller-off condition with wind-tunnel data obtained at Té =0 (fig. 4.4, 2-2) shows

reasonably good correlation,

4.4.3 Symbols

A wing aspect ratio
1/2
By = (1 - M2)
b wing span, in,
CLW wing-lift coefficient
Cléa aileron rolling-moment effectiveness derivative with the

aileron deflection measured perpendicular to the hinge
line, per rad of differential aileron deflection unless
otherwise noted

Cl@’ Clﬁa with aileron deflection measured in the plane parallel

to the airplane plane of symmetry

Cn6 rate of change of the yawing-moment coefficient with the
a aileron deflection, per rad unless otherwise noted
c airfoil section chord, in,
cf flap chord, in,
Cf
?> average ratio of the flap chord to the airfoil-section chord
av within the flap span
Cfy . . . .
- average (effective) ratio of the aileron chord to the wing
W/ay chord within the aileron span
cf, aileron-flap chord (aileron width), in,
7 experimental lift-curve slope of the wing airfoil section,
o per rad
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( “l a)theory
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theoretical lift~curve slope of the airfoil section obtained
from equation (4. 4. 1-7), per rad

section lift effectiveness of a plain trailing-edge flap,
per rad

theoretical section lift effectiveness of a plain trailing-edge
flap, obtained from figure 4, 4, 1~1, per rad

empirical correction factor (fig. 4. 4. 1-2) to obtair Cls
from (c
< lﬁ)theory
wing chord, in,

empirical correlation factor for determining Cn5
a

(considered proportional to the wing lift coefficient,
C Ly and the aileron roll effectiveness, C s ),
a

obtained from figure 4. 4, 2-1
empirical correction factor for the section-lift effectiveness

of plain trailing-edge flaps at high flap deflections,
obtained from figure 4, 4,1-3

Mach number
free~stream dynamic pressure, lb/sq ft
reference wing area, sq ft

thrust due to propellers

airfoil section thickness ratio

distance from and normal to the plane of symmetry to
the point of interest on the flap, in,

distance from and normal to the plane of symmetry to the
inboard and outboard edge of the aileron, respectively, in.

angle of attack of the airplane relative to the X-body axis,
deg



(ozas)CZ

By
. <"k_clag

Ac/4:Ahl

A
Subscripts:
av

L,R

c
section lift effectiveness parameter, - —C—Z-Q
la

difference

parameter defining the difference in the roll effectiveness
of a full-chord aileron extending from the plane of
symmetry to the outboard tip of the aileron and a full-
chord aileron extending to the inboard tip, obtained from

figure 4, 4, 1-4 as shown in figure 4, 4, 1-5

differential aileron deflection measured normal to the hinge
line, rad unless otherwise noted

differential aileron deflection measured in the plane
parallel to the plane of symmetry, rad

flap deflection measured normal to the hinge line, rad

aileron lateral coordinate, the distance y as a ratio of
the wing semispan

distance y; and y, as a ratio of the wing semispan,

respectively

wing trailing-edge angle, deg

. -1 tanAc/4
compressible sweep parameter, tan —-B—l—— , deg

sweep of the wing quarter-chord line and aileron hinge line,
respectively, deg

wing taper ratio

average

left and right, respectively
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TABLE 4.4, 1-1

ROLLING MOMENTS DUE TO AILERONS, Cl6
a

By »

Q
Ao V]
(e

1]

{
D=

(a) Section lift-effectiveness parameter of ailerons, (015)C

k
B, (*0)q A(Tcléé

1
COS Ahl

{

Symbol Description Reference Magnitude
M Mach number Wind-tunnel test condition | 0, 083
°f
2 Effective ratio of aileron chord to wing chord Figure 3, 2-1 0,27
W Jay within the aileron span
t/c Thickness ratio of wing-airfoil section Table 4, 1-1 of .15
(NACA 649A215) reference 1
Pie Wing section trailing-edge angle, deg Table 4, 1-1 of 15.8
reference 1
¢ Wing section lift-curve slope, rad Table 4, 1-1 of 5,444
o reference 1
<cZ ) 6.28 + 4,7 (t/c)(1 + 0.00375¢4,) Equation (4. 4. 1-7) 7. 027
@ theory
* i 775
S .
( la)theory
(cl ) Theoretical effectiveness of flap (aileron) section, Figure 4.4, 1-1 4,35
5 theory ct
function of e and (t/c), rad
av
L
Empirical correction to (Cl5> , Figure 4,4, 1-2 . 622
i <7 6) theory
theory
c
c ly
function of <—f—> and ———
C Jay (cl a)
theory
By \/ 1- M?‘, compressibility correction factor @~ | ~———mmmmmem o 0. 997
K’ Empirical correction factor for large flap Figure 4.4, 1-3 1.0 up to 12°
deflections per flap
1 €l ’
o T m_ﬁ_ <°l<5) K’ rad Equation (4, 4, 1-6) 2,71
t
1" theory heory

Summary: (ag)

€
_ 5 _ 2,71 _
¢ ¢ = 5ag - "0-498
(¢
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TABLE 4, 4, 1-1 (Concluded)

51

’
(b) Aileron roll-effectiveness parameter, A < X C; 5 ,>
a

Symbol Description Reference Magnitude
Mach number Wind-tunnel test condition 0, 083
1 V1i- Mz, compressibility correction factor Equation (4. 4. 1-3) . 997
Wing aspect ratio Figure 3, 2-1 7.5
Wing taper ratio Figure 3, 2-1 513
Ag/4 Wing sweep along quarter-chord line, deg Figure 3. 2-1 -2,5
1 tan A, /
ABl tan™ —B-l—— compressible sweep parameter } Equation (4.4, 1-8) ~=-2,5
cla Wing section lift-curve slope, rad Table 4, 4. 1-1(a) 5,44
Cly
k o Equation (4. 4. 1-4) 867
- 8, 62
7 Inboard edge of aileron, y;/(b/2) Figure 3. 2-1 0. 685
My Outboard edge of aileron, y,/(b/2) Figure 3.2-1 . 977

Summary: On basis of figure 4, 4. 1-5, which shows cross plots of figure 4, 4, 1-4 at 7 = 0. 685 and

B
= = - ° =) —1 4 =
no = 0. 997 for ABl =-2,5° and A =0.51, A< . ch’) 0. 305 per rad

a

(c) Roll effectiveness of ailerons, Cl5
a

Symbol Description Reference Magnitude
B Compressibility correction factor Table 4, 4, 1-1(b) 0. 997
€l
k %ﬂ Table 4. 4, 1-1(b) . 867
(a5)cz Section lift-effectiveness parameter of ailerons Table 4. 4. 1-1(a) -, 498
B]. /7
A * C 16’ Aileron roll-effectiveness parameter Table 4, 4, 1-1(b) ., 305
a
Anl Wing sweep along aileron hinge line, deg Figure 3.2-1 -9.5
+ -
Summary: C =-1 —(07) A E}C/ —L 0, 0670 per rad
ls, 2B ¢, “\ & o) coshy
- =0, 00117 per deg

85



TABLE 4.4,2-1

YAWING MOMENTS DUE TO AILERONS, Cn(3

a
C =KC; C cos A
n L hl
6q w5,
Symbol Description Reference Magnitude
A Wing aspect ratio Figure 3. 2-1 7.5
A Wing taper ratio Figure 3, 2-1 . 513
n Inboard edge of aileron as ratio of semispan Table 4. 4. 1-1(b) . 685
Mo Outboard edge of aileron as ratio of semispan Table 4. 4. 1-1(b) . 977(=1, 0)
K Empirical factor, f(Ay,A,n) Figure 4,4.2-1 -.160
CLW Wing lift coefficient based on Sy, = 178 sq ft Figure 4.1, 1-1 f(ap)
Clé Aileron effectiveness in roll, per deg Table 4, 4. 1-1(c) 0.00117
a
Anl Wing sweep along aileron hinge line, deg Figure 3,2-1 -9.5

Summary: C,

6. —.0.IGOGJLM>(0.00117XO.9863)

]

-0.000 18501_‘W per deg

86

-~-- | Figure 4.1.1-1 | --=—wm———omcmmmmmm
ap, oL, Cng = - 0,000185(2)
deg
-4 0 0

.292 -. 000054

. 584 -. 000108

. 875 -, 000162
12 1.160 -. 000215
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Figure 4. 4.1-2. Empirical correction for lift effectiveness of plain trailing-edge
flaps (from ref. 3).
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4.5 Yawing and Rolling Moments Due to Rudder Deflection

The yawing and rolling moments due to rudder deflection to be considered are for
conventional rudders, which are essentially plain trailing -edge flaps. The method used
to estimate these moments involves the determination of the side force due to rudder
deflection, which is then multiplied by the appropriate moment arms to obtain the de -
sired moments.

4.5.1 Side Force Due to Rudder Deflection, CY&
r

The side force due to rudder deflection, CY5 , in the linear lift range of the vertical
r

tail can be obtained by using equation (4, 5. 1-1), This equation was developed in ref-
erence 16 to obtain the lift increment of high-lift flaps and was used in reference 1 to
determine the lift on the horizontal tail due to tab deflection. The equation, adapted to
the present situation and based on wing area, gives

<C£a)v <a5r>CL

CYﬁr:Clﬁr <cla); <015r>0l

Kp (4.5.1-1)

where
(Ci a) is the effective lift-curve slope of the vertical tail as obtained from
\%

<CYB)V with wing-wake and body-sidewash effects equal to zero; thus, from equ-
tion (4. 1, 4-5),

<C£a>v = ki <CL a) v —SSV—‘V' (4. 5.1-2)

<cl ) is the section lift-curve slope of the vertical tail, obtained from section 4, 1
@ly
of reference 1
Ky, is the rudder-span factor (obtained from fig, 4.5. 1-1) as a function of the taper
ratio, Ay, and the span ratio, 7 (fig. 3.2-4)
cl(3 is the section lift effectiveness of the rudder (obtained from eq. (4.4.1-6),
r

which was applied in section 4, 4, 1 to obtain the section-lift effectiveness of the ailerons;
the pertinent required geometric parameters of the rudder are obtained from fig, 3.4-2)

(0‘5r)CL
(O‘ar)cl

\'4

is the rudder-chord factor (obtained from fig. 4.5.1-2) as a function

97



of the vertical-tail aspect ratio, AVeff’ (from eq. (4.1.4-1)) and (aar) .

)
(%0r ey,

o
Or o],
obtained, for a rudder having a constant ratio of flap chord to airfoil-section chord,
¢l

The (a5r) required to obtain from figure 4.5.1-2 may be
¢

Or

from - based on experimental data or from the insert in figure 4.5.1-2 based on

a
theory. When (aﬁr) varies along the span, as for a constant-chord rudder on a
)
tapered surface, an average value of the chord ratio may be used with good accuracy.
Otherwise, as discussed in reference 16, the effective (0151_) may be found by
(¢

l
determining the value of (a@r)c at each of several locations across the rudder span
L

and plotting these values against corresponding values of Kj,. The area under the

curve divided by AKj, is the effective value of ( O‘Gr) .
¢l

The calculations for the side force due to rudder deflection, CYG , of the subject
T

airplane, based on the preceding relations, are summarized in table 4,5, 1-1, A
comparison of the calculated CYGr with full-scale wind-tunnel data obtained at the

power condition of Té = 0 is shown in figure 4.5, 2-1,

4.5.2 Yawing and Rolling Moments Due to Rudder Deflection

The yawing and rolling moments due to rudder deflection are readily obtainable
from the following simple relations, relative to the stability system of axes:

1/ cosay, - z’sina
- v b~ *v b _
Cnﬁr - CYGr bw (4. 5. 2 1)

-/ - 12 si
zJ cos ay, - 14 sin oy,

Ci5_ = CYs, (4.5.2-2)

by

where l(, and z", are distances, relative to the X- and Z-body axes, respectively,

from the center of gravity to the quarter chord of the mean aerodynamic chord of that
portion of the vertical tail spanned by the rudder, < cAn)r. This mean aerodynamic

chord is obtained from

(4.5.2-3)

_ 9 1+ XATI + 7\2A17
(CA")T =3\ T s,



where
(ey) Mo

AA T —————
n c
( V)”i

(4.5.2-4)

and where (cV)17 and (cv)_,7 are the chords of the vertical tail at the outboard and
(o] i
inboard ends of the rudder, respectively,

The spanwise location of ( ¢ from the inboard end of the rudder (c,) is
Ay r Vin

.

i
obtained from

1+ 22
1 A
Azp, = -3 (———") by (4.5, 2-5)

where b, is the rudder span,

The calculations for the yawing and rolling moments due to rudder deflection,
Cnér and C; 5. of the subject airplane, based on the preceding relations, are sum-
r

marized in table 4, 5, 2-1, The correlation of calculated CYG , Cn6 , and C; 5 with
r r r

analyzed full-scale wind-tunnel data obtained at the power condition of Té =0 (no

propeller-off wind-tunnel data were available) is shown in figure 4.5.2~1, The correla-
tion is considered to be good, although the calculated values are slightly larger than the
wind-tunnel values,

4.5.3 Symbols

AVeff effective aspect ratio of the vertical tail in the presence
of the fuselage and the horizontal tail, obtained from
equation (4. 1, 4-1) for a single-tail configuration

9 1/2
By = (1 - M?)
by rudder span parallel to the Z-body axis, in.
by vertical-tail span, in,
bw wing span, in,
( C£ ) effective lift-curve slope of the vertical tail referred to
&y the wing area, obtained from equation (4. 5, 1-2), per
deg
<C Loz) vertical-tail lift-curve slope referred to the tail area,
v(fh) obtained from equation (4, 1. 4-2), per rad or deg
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vertical-tail lift effectiveness of the rudder, referred to
the wing area, per deg

rate of change of the rolling-moment coefficient with
rudder deflection, per deg

rudder effectiveness in yaw; rate of change in the yawing-
moment coefficient with rudder deflection, per deg

vertical-tail contribution to the variation of the side-force
coefficient with the sideslip

rate of change of the side-force coefficient with rudder
deflection, per rad or deg

rudder-flap chord, in.

average ratio of the rudder chord to the vertical-tail chord
within the rudder span

root chord of the vertical tail, in,
vertical-tail chord, in.

vertical-tail chord at the inboard and outboard edge of the
rudder, respectively, in,

section lift-curve slope of the vertical tail, per rad

theoretical section lift-curve slope of the vertical tail,
per rad

section lift effectiveness of the rudder, per rad

theoretical section lift effectiveness of the rudder, per rad

mean aerodynamic chord of the portion of the vertical tail
spanned by the rudder, in,

empirical correction factor for the section lift effectiveness
of plain trailing-edge flaps at high flap deflections,
obtained from figure 4.4.1-3

rudder span factor, obtained from figure 4.5.1-1

factor accounting for the body size relative to the vertical-
tail size, obtained from figure 4, 1, 4-1(d)



Ly, 2y

7
Ly Zy

le]] o] ]
<

<

distance relative to the X~ and Z-body axes, respectively,
from the center of gravity to the quarter chord of the
mean aerodynamic chord of the vertical tail, in,

distance, relative to the X- and Z-body axes, respectively,

from the center of gravity to the quarter chord of the
mean aerodynamic chord, <6A77> , of the portion of the
T

vertical tail spanned by the rudder, in,
Mach number

free-stream dynamic pressure, lb/sq ft
dynaﬁnic pressure at the vertical tail, 1b/sq ft

vertical-tail area, sq ft

wing area, sq ft

thrust due to the propellers, 1lb

airfoil-section thickness ratio of the vertical tail

angle of attack relative to the X-body axis, deg

flap- (rudder) chord factor (obtained from fig. 4.5.1-2) as
a function of the vertical-tail aspect ratio, A and

Veff’
<a6r )cl

difference

spanwise location of the vertical-tail mean aerodynamic
chord from the root chord, (cr),, of the tail, in.
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spanwise location of (6A7I) from (CV)U , in,
r i

span ratio

distance from the root chord of the vertical tail to the
inboard and outboard edge of the rudder, respectively,
as a ratio of the vertical-tail span

vertical-tail trailing-edge angle, deg
sweep of the quarter-chord line of the vertical tail, deg
vertical-tail taper ratio

taper ratio of the portion of the vertical tail spanned by
the rudder



TABLE 4,5, 1~1

SIDE FORCE DUE TO RUDDER DEFLECTION, CY5r

/
(C Lﬂt) (*8)cp
Cyg =< “fe - Tary | b
bp 5y (Llrxjv (aé)Cl
g, s,
cf ) =k] (CL ) vy
<Lﬂv L o) yth 4, Sw
Symbol Description Reference Magnitude
Sy Vertical-tail area, sq ft Figure 3,2-4 17.7
Sy Reference wing area, sq ft Figure 3,2-1 178.0
(CL ) Lift-curve slope of vertical tail, referred to tail Table 4, 1, 4-1(b) 0525
@/y(fh) area, per deg
’
ky Empirical correction factor accounting for body Table 4.1, 4-1(c) 889
size relative to vertical-tail size
g“ Dynamic-pressure ratio at vertical tail =1, 0
q
(CI: ) Effective lift-curve slope of vertical tail, Equation (4. 5.1-2) . 00464
Yy referred to wing area, per deg
t/c Thickness ratio of vertical-tail section NACA 0008 0.08
Yo Vertical-tail trailing-edge angle, deg Negligible
(cl ) 6.28 + 4.7(t/c) (1 + 0,00375 ¢;), per rad Equation (4. 4. 1-7) 6, 66
@ Vtheory
(cl oz> Section lift-curve slope of vertical tail, per rad Table 4, 1, 4-1(b) 6,25
v
()
&)y
(cl ) . 938
“/vtheory
b Budder chord Figure 3, 2-4 0.38
v /ae Vertical-tail chord within rudder span/average B : .
(Clﬁ ) Theoretical rudder effectiveness of section, Figure 4,4.1-1 4, 88
I/theory °f.
—X
f(t/c. o
clﬁr fy (cl ‘Y)v
- ]. — Figure 4.4.1-2 .91
iclo ) cy (Cl n)
T/theory Vtheory.
B V1 - M? for wind-tunnel Mach number = 0. 083 Wind-tunnel test condition . 997
K’ Empirical correction factor for large flap Figure 4,4,1-3 1,0 to 10
deflections, deg
e L Z——)—T——Clé K’, rad Equation (4. 4,1-6) 1,45
6 F C Cla ) , ra qguation SN .
r 1 2 theory ¥/theory
Ay Effective aspect ratio of vertical tail Table 4, 1, 4-1(a) 2,67
eff <l
- r ] e -
(o:ﬁr)cz Z——cl ) L712
(o3
v
(%r)c
L N
@) f[Aveﬁ, (cv(;r)cz] Figure 4.5.1-2 1,07
T)e;
Ay Vertical-tail taper ratio Figure 3,2-4 0,433
7 Distance from root chord of vertical tail to Figure 3, 2-4 14
! inboard edge of rudder as fraction of
vertical-tail span
Ny Distance from root chord of vertical tail to Figure 3, 2-4 1.00
outboard edge of rudder as fraction of
vertical-tail span
Kp Span factor for rudder, f(iy, ng, ng) Figure 4.5.1-1 .80
s (ya )
(CLG)V ( "CL
Summary:

Cyp, ™

= 4,45 (E% ) (1. 07)(0, 80)

=0, 16204 per rad
= 0, 00283 per deg referenced to Sy = 178 sq ft
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TABLE 4, 5,2-1

YAWING AND ROLLING MOMENTS DUE TO RUDDER DEFLECTION

U cos -z’ sine
v b v b

Cre, = o, B

- 1 s
zfcos ay, - L sinay,

C =C
Y
lﬁr o w
Symbol Description Reference Magnitude

bw Wing span, in, Figure 3. 2-1 432, 0
by Rudder span parallel to Z-body axis, in. Figure 3, 2-4 55,3
L, Distance from center of gravity to quarter chord Figure 3.2-4 164, 9

of vertical-tail meah aerodynamic chord, in,
zy Vertical distance from center of gravity to quarter Figure 3.2-4 -45.9

chord of vertical-tail mean aerodynamic chord,

in,
Ag/4 Sweepback of vertical-tail quarter-chord line, deg Figure 3.2-4 30.0
Az, Spanwise location of vertical-tail mean aerody- Figure 3. 2-4 -27.9

namic chord from ¢y , in.

v
(cv)n Chord of vertical tail at outboard end of rudder, in, Figure 3.2-4 24.0
o
(cv)n1 Chord of vertical tail at inboard end of rudder, in, Figure 3. 2-4 51.0
(cy)
o
Ay (CV)U' ______________ AT
1
<EAT/> Mean aerodynamic chord of portion of tail spanned | «-~-—vr-—--aeaa- 39,0
r
L+ A, + Apn2
2 Y ) 4
by rudder, =(c , in,
Yy 3( V)Wi< 1+1A73
AZAn Spanwise location of (EAn)r from (CV)Ui = Equation (4.5.2-4)] ~24.3
1+ 22
%(TTM) br, in.
An
nibvl Spanwise location of (cV)T from Cryr in, Figure 3. 2-4 -9.0
h
L, i, - (nibv + Dzp, - sz) sinAgzy, inn | mmemmmmmmmeeeee- 167.6
2y z, + (nibv *Azp, - sz>cos Agjgr I | mmmmmmememeeeee -50. 6
CYé Referenced to Sy, = 178 sq ft, per deg Table 4,5, 1-1 0.00283
r

Summary: Cn5 = -0, 001098 cos a, - 0, 000331 sin @,
r

Clér =0, 000331 cos ay, - 0. 001098 sin oy,

ap, .
debg Lnér Cldr

-4 -0,001072 0. 000407

-, 001098 . 000330

-, 001118 . 000253

8 -, 001133 . 000175

12 -, 001143 . 000096
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Figure 4.5.1-1. Span factor for inboard flaps (from ref. 16).
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Figure 4.5.1-2. Flap-chord factor (from ref, 16),
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Figure 4, 5.2-1, Comparison of calculated and wind-tunnel values of rudder side
foroe and yawing- and rolling-moment effectiveness,
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5.0 PREDICTION OF POWER-ON STATIC STABILITY AND

CONTROI. CHARACTERISTICS

A general design procedure for determining the effects of power on the lateral-
directional static stability and cont-ol characteristics of propeller-driven aircraft does
not appear to be available, In single-engine airplanes the effects of power are partic-
ularly significant because the vertical tail is strongly affected by the propeller slip-
stream and the wing-body interference with the slipstream. In the absence of reliable
data for preliminary design purposes, tests of powered models in wind tunnels or
practical experience with similar airplane configurations is used.

For twin-engine, propeller-driven aircraft, the vertical tail is normally outside
the main propeller slipstream, Although the propeller slipstream may have some
effect on the vertical tail—particularly with increasing power—the effect is usually
small enough to be neglected in preliminary design calculations,
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5.1 Power-On Static Stability Characteristics

The effect of power on the sidewash of the vertical tail of a twin-engine airplane for
normal operating conditions is assumed to be negligible in a first order of approximation.
Inasmuch as the tail is outside the main propeller slipstream under these operating
conditions, the dynamic-pressure ratio is considered to be similar to 1.0,

5.1.1 Power Effects on CYﬁ

Three power effects are added to the propeller-off side-force derivative to arrive
at the power-on value, These are the normal force (side force) of the propellers, the
increased dynamic pressure behind the propeller as it affects the contribution of the
nacelles, and the power-induced sidewash behind the propeller, which also affects the
contribution of the nacelles. With these three power effects taken into account, the
power-on equation for CYB can be represented by

Cyg = <CYﬁ>pr§p N <ACYB>Np + <ACYB>n(A(_1) + <ACY'8)n(op) (5.1.1-1)
[e)

Propeller-off side-force derivative, (CYB> , was considered in section 4, 1,
prop
off
As calculated, the derivative provided reasonably good preliminary correlation with
wind-tunnel data for the subject airplane, Because of a lack of design data, the calcu-
lations did not show the influence of angle of attack on wing-body interference which
was reflected in the wind-tunnel data,

The increment of the side-force derivative due to propeller normal force,
<ACYB> N is accounted for by equation (5, 1. 1-2), This equation is an adaptation of
p

equation (5. 1, 1-2) in reference 1, which accounted for the propeller normal-force

contribution to lift,
S,/pro
__nf_ Sp/PTop
<ACYB>NP =" 57.3 <CNa>p< 5o ) (5. 1. 1-2)

where
n is the number of propellers

f is the propeller inflow factor, the ratio of propeller normal-force (side-force)
coefficient at power-on to power -off conditions, obtained from figure 5. 1.1-1 (from
ref. 17)

Sp/prop is the disk area of the propeller, equal to anz
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(CNoz)p is the propeller normal-force parameter at Té =0, per radian, obtained

from the following equation from reference 8;:

(CNa)p = [(CNO‘>P]K 80,7 [1 + o,s<.8-I;_N7 - 1)] (5.1, 1-3)
N=oU. .

where

KN is the side-force factor obtained from the propeller manufacturer or approxi-

mated by
b

b b
Ky = 262 <§ﬁ) + 262 (ﬁp—) + 135 <§R) (5. 1, 1-4)
P/0,3Rp P/0. 6Rp, P/0.9Rp
b

in which ﬁ-I-)- is the ratio of the blade width, bp, to the propeller radius, Rp, and the
p

subscripts 0. 3Rp, 0.6Rp, and 0, 9Rp indicate the radial station of the ratio
[(CNa) ] is the propeller normal -force derivative given by figure 5.1.1-2
PJK,\=80.7

as a function of the blade angle, 8/, and the type of propeller

The contributions of the propeller normal force to the side-force derivative of the
subject airplane are summarized in table 5, 1, 1-1(a),

The increment of the side-force derivative, CYB’ due to propeller-induced increase

in dynamic pressure acting on the nacelles is accounted for by

Ag
(ACYB)n(A(_]) = [(ACYB>n] o 6: (5.1.1-5)

off

where

<ACY ) is the propeller-off contribution of the nacelles to Cy,, obtained
B/n prop B

off
from table 4, 1, 3-1
AGn . . . .
— is the increase in dynamic-pressure ratio at the nacelle due to power,
q
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obtained from

AG,  Sy(Tg/prop)
= (5. 1. 1-6)

3
o mRp

The contribution of < ACYB> (AT) to the side-force derivative of the subject airplane is
n(Aq
summarized in table 5. 1. 1-1(b),

The increment of CYﬁ due to power-induced sidewash acting on the nacelles is

GE)(e3) e

co

accounted for by

(acv) n(o,) [ (20%),]

prop
off

where

90,
(bfp is the propeller-induced sidewash factor behind the propeller obtained from

the following relation (from ref, 8):

oo
29 _ -
T Cy + Co (CNa)p (5.1.1-8)

in which the factors C; and Co are obtained from figure 5.1.1-3. The contribution

of <ACYB>n(o ) to the side -force derivative of the subject airplane is summarized in
table 5.1.1-1(c).

Summary calculations for power-on CYB characteristics of the subject airplane

for vertical-tail-off and vertical-tail-on conditions are presented in table 5, 1. 1-1(d)
as a function of power conditions, In figure 5, 1, 1-4 the calculated characteristics
are compared with wind-tunnel data, The vertical-tail-off data imply that the contri-
bution of the fuselage in the presence of the wing is a function of angle of attack, The
difference in the tail-on and tail-off values for this twin-engine configuration when
thrust coefficient is equal to zero and 0, 44 indicates the vertical-tail contribution to
CYB to be a function of angle of attack with some dependence on the power condition

over most of the linear angle-of-attack range. Because of the lack of appropriate
design data, the contribution of the fuselage in the presence of the wing and the contri-
bution of the vertical tail were considered to be independent of angle of attack in calcu-
lating the CYB characteristics,
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5 ¢ ) ) oo fe N
5.1.2 Power Effects on (‘”6

Power effects to be added onto the propeller-off weathercock stability, C“B’ are
considered to be due to the same factors that affected the side-force derivative, CYB'

The factors are propeller normal force (side force), increased lateral forces on the
nacelles due to propeller-induced increase in dynamic pressure, and propeller-induced
sidewash, With these factors taken into account, the power-on equation for Cng can

be represented by

Cnﬁ = <Cn3>prop + (ACI’B,)NP + (ACnﬁ)n(Aa) * (ACnﬁ)n(op) (5. 1.2-1)
off

where
(C ) is the propeller-off Cp., accounted for in section 4. 2. 1,
"8 Jprop B

off
(Cnﬁ)N is the contribution due to the propeller side force and is determined by
p

(5. 1. 2-2)

; B Xp COs ay, + Zp sin o,
R N

where

(ACYB)N is obtained from section 5. 1. 1-1
' p

Xp and zp are the distances from the center of gravity to the propeller, from
figure 3.2-5
by, is the wing span, from figure 3, 2-1

<AC + <ACn ) are the changes in nacelle contribution to Cp, due
n(Ag) P/ ne &

(o)

p

to the propeller-induced increase in dynamic pressure and sidewash, respectively,
Their net contribution is determined by

Xp COS @ + zp Sin oy,

(ACnB)n(AEj) + (Acnﬁ>n(op) = [( ACYB)n(Aa) + (ACYB>n(op)]( b ) (5. 1.2-3)

where

(ACYB>n(A(§) and <ACYB)n(op) are obtained from section 5, 1, 1-1
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X, and z, are the distances from the center of gravity to the nacelle center of

pressure (fig. 3.2-2)

Summary calculations of power-on CJB characteristics of the subject airplane for

vertical-tail-on and vertical-tail-off conditions are presented in tables 5, 1, 2-1(a) and
5.1, 2-1(b) as a function of angle of attack and power condition, In table 5, 1,2-1(b) the
propeller-off Cnﬁ characteristics listed in columns 2 and 3 were obtained from

table 4. 2, 5-1 for the condition wher« wing-fuselage interference was accounted for as
a function of angle of attack but vexiical-tail effectiveness, (CYB)v(wfh)’ was not

accounted for as a function of angle of attack because of the lack of appropriate design
data,
In figure 5, 1, 2-1 the calculated CnB characteristics are compared with wind-

tunnel data. The vertical-tail-off data show some increase in wing-fuselage interference
with increasing power which was approximately accounted for in the calculations, The
tail-on and tail-off data also show some change in tail effectiveness with increasing
angle of attack. As was noted for CnB for propeller-off conditions (section 4, 2, 5),

lack of appropriate design data for sidewash effects as a function of angle of attack
precluded the consideration of the angle-of-attack effects on the vertical tail,

5.1.3 Power Effects on C
wer Eff lg

Power effects on the effective dihedral derivative, CZB’ to be added to the propeller-

off derivative were considered to be the results of rolling moments due to propeller
normal force (side force) and rolling moments due to the sideslip-induced lateral dis-
placement of the portion of the wing immersed in the propeller slipstream, The portion
of the wing in the slipstream is affected by a propeller-induced increase in dynamic
pressure and downwash, With these factors taken into account, the power-on equation
for CZB is represented by

Cl, = <CZB>pr§p + <ACZB>Np + <ACZB >W(Aa+€ ) (5. 1. 3-1)
o

The C;, with propeller off, <CZ ) , is accounted for in section 4, 3,
B B ] prop
off

The contribution of the propeller side force to CZB is obtained from

-2, COS Q) + Xy sin ay,
< P P > (5. 1.3-2)
N

’ <ACZB>Np= {ACYB> i b

113



where

(ACYB) is the propeller side-force derivative as obtained from equation (5. 1. 1-2)
N
p

and table 5, 1, 1-1(a)

Xp and zp are distances from the center of gravity to the propeller, from
figure 3. 2-5

by is the wing span, from figure 3, 2-1

The contribution of the portion of the wing immersed in the propeller slipstream
to CZB is the result of a lateral shift of the immersed part of the wing. In sideslip,

in the absence of secondary effects, the centerline of the propeller slipstream is yawed
from the thrust line by an amount equal to (8 - ap), where op is the propeller-induced

sidewash.

The increments of lift, (ACL)w(Ad) and (ACL)w(e p)’ of the immersed portion of

the wing due to the power-induced increase in dynamic pressure and downwash are
assumed to be effectively centered at the quarter chort; of the wing., With the lateral
shift in center of pressure considered to be equal to Xptan (B - op), the contribution of

the immersed portion of the wing to Cy ; is obtained from

’
_ 3 xptan (8 —Up)z
<ACZB>W(Aq‘+e p) = 3 [(ACL)W(Aa) + (ACL)W(€ p)] Doy (5.1, 3-3)

However, the proximity of the fuselage and the curvature of the fuselage flow field alter
the shift in propeller slipstream centerline, In the absence of more specific information,
personal judgment was used in applying an interference factor of 0.5 to equation (5. 1, 3-3),
which for the normal range of sideslip angles was used in the following format:

/
=25 % _ _99% )

where

xf) is the distance from the propeller to the quarter chord of the wing at the thrust
line, scaled from figure 3, 2-1

bw is the wing span, from figure 3. 2-1

(ACL)W(AC_]) is the increment of lift on the immersed wing area due to the power-

induced increase in dynamic pressure, obtained from table 5, 1. 1-2(a)-3 of reference 1
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(ACL)W(€ ) is the increment of lift on the immersed wing area due to power-
p
induced downwash, obtained trom table 5.1.1-2(b)-2 of reference 1
)
%p
9B
equation (5, 1, 1-8)

is the power-induced sidewash factor behind the propeller, obtained from

Summary calculations of power-on C; g characteristics of the subject airplane are

presented in tables 5. 1, 3-1(a) and 5. 1. 3-1(b) as a function of angle of attack and power
condition, As indicated in table 5. 1, 3-1(b), the propeller side force (column 5) tends
to increase the effective dihedral, and the sideslip-induced lateral displacement of the
immersed portion of the wing (column 7) decreases the effective dihedral with increasing
angle of attack and thrust coefficient, At a 12° angle of attack, with (Cl B)prc%p as a

of

base, the propeller side force increases the effective dihedral about 3 and 4 percent at
thrust coefficients of 0.20 and 0. 44, respectively, At the same angle of attack, the
sideslip-induced lateral displacement of the immersed portion of the wing decreases
the effective dihedral about 8 and 14 percent at thrust coefficients at 0. 20 and 0. 44,
respectively. Had an interference factor not been included in equation (5, 1, 3-4) to
obtain the latter contributions, the decrease in effective dihedral would have been 16
and 28 percent instead of 8 and 14 percent. Because the interference factor used was
based on personal judgment, it is apparent that a more rational basis is required for
determining the interference factor to be used,

A comparison of the calculated Cj B characteristics with wind-tunnel data in

figure 5, 1, 3-1 shows good correlation,

5.1.4 Symbols

bp width of the propeller blade, ft
bw wing span, in,
C1,Co factors for determining the propeller-induced sidewash

and downwash behind the propeller, obtained from
figure 5, 1, 1-3

increment of the lift coefficient due to the power-induced
increase in the dynamic pressure and downwash,
respectively, on the portion of the wing immersed in
the propeller slipstreams

(AC L)W(Aﬁ) , (AC L)W(E p)

C; effective dihedral derivative; rate of change of the rolling-
B moment coefficient with sideslip, per deg
<C l > airplane C Z for propeller-off conditions
A/prop B
off
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(ACZB> contribution of the normal propeller force to CZB
P/N
p

AC change in the wing contribution to C due to the power-
(8C28) yiag + €p) 8 e Lg P

induced change in the dynamic pressure in the propeller
slipstream and the power-induced downwash of the slip-
stream acting on the wing

(CNQ> propeller normal-force parameter at Té =, per rad
p
[(CN ] propeller normal-force parameter, (CNa> , at the reference
*/PlKy=80.7 ‘ P
side-force factor, Ky = 80, 7 (condition obtained from
fig., 5.1,1-2)
CnB weathercock stability derivative; variation of the yawing-
moment coefficient with sideslip, per deg
(Cnﬁ)prop airplane Cn,fj for propeller-off conditions
off
(Acnﬁ)Np contribution of the propeller side force to Cnﬁ

<Acn8>n(A§)’ (AC%)n(U change in the nacelle contributions to CnB due to the

p propeller-induced increase in the dynamic pressure and
sidewash, respectively, acting on the nacelles

(ACnB)n(Aa+op) = (A%5) o) <Acnﬁ>n(op)

(Acn5> increment of the weathercock stability due to the power
p
effects

C vertical-tail-off C
( B )wfn ng
[(Cn ) ] vertical-tail-off C, at propeller-off conditions

B Jwin prop B

off
Cy rate of change of the side-force coefficient with sideslip
p angle, per deg
<CY ) airplane Cy  for propeller-off conditions
B/prop B
off
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(ACYB>N contribution of the propeller side force to CYB
p

[(ACYB> :l contribution of the nacelles to CYB for propeller-off
n

prop conditions

(ACY > _ (ACY > change in the nacelle contributions to Cy, due to the
B/n(Ag) F/n(, B

propeller-induced increase in the dynamic pressure and
sidewash, respectively, acting on the nacelles

( ) contribution of the vertical tail to Cy, in the presence

B )v(wih) B

of the wing, fuselage, and horizontal tail, per deg

C vertical-tail-off C
< YB)th YB
[(CYB> fh] vertical-tail-off CYB at propeller-off conditions

» Wi prop

off
f propeller inflow factor, obtained from figure 5. 1, 1-1
0,5 x5 o

= —_—t— _E < - _.g> i /
K 57.3 Bw 1 53 ) a function of T
Kn propeller side-force factor, obtained from equation (5.1. 1-4)
n number of propellers
aw free-stream dynamic pressure, 1b/sq ft
Aan power-induced increase in the dynamic pressure acting

on the nacelles, 1b/sq ft

Rp propeller radius, ft
Sp/prop propeller disk area, TTsz, sq ft
Sw wing area, sq ft
T thrust due to the propellers, lb
T/ thrust coefficient, =

c S

qoo W

Té/prop thrust coefficient of one propeller
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airplane velocity, ft/sec

distance, parallel to the X-body axis, from the center of
gravity to the nacelle center of pressure and to the
propeller, respectively, obtained from figure 3, 2-5, in,

distance, parallel to the X-body axis, from the propeller
to the quarter chord of the wing at the thrust line,
obtained from figure 3. 2-1, in,

distance, parallel to the Z-body axis, from the center of
gravity to the nacelle center of pressure and to the

propeller, respectively, obtained from figure 3.2-5,
positive down, in.

airplane angle of attack relative to the X-body axis, deg
sideslip angle, deg
propeller blade angle at 0, 7 5Rp, deg

power-induced sidewash of the slipstream behind the
propeller, deg

rate of change of the power-induced sidewash behind the
propeller with sideslip angle



TABLE 5.1, 1-1

EFFECT OF POWER ON CY/}

(a) Increment of CYB due to propeller normal force, (ACYﬁ >N

£ Sp/prop
sovg)y, =~ 38 (), (T
57.3 o7
( B Np p Sw
Symbol Description Reference Magnitude
n Number of propellers | —-memmmemeee 2
Rp Propeller radius, ft Table 3-1 3.0
Sp/px‘op Propeller disk area, anz, sqft | —e-meemeeee- 28, 27 per propeller
Sw Reference wing area, sq ft Figure 3.2-1 178
(TZ /prop
Mc—z—)— Power parameter for obtaining = ===0| -=----m=---- 2, 47(Té/prop)
SRp inflow factor, f
f Propeller inflow factor (function Figure 5. 1, 1-1 f(Té/prop)
Sw(T¢/prop)
of M)
8Rp
bp Width of propeller blade, ft Manufacturer 0,416 at 0, SRD
. 492 at 0. 6Rp
.419 at 0, 9Rp
KN Side -force factor, Equation (5. 1. 1-4) 98,2
b, b, b
zsz(R—p> + zez(R—P) + 135<R—p>
P/o. 3Ry P/0. 6Rp P/0.9Rp
{3’ Propeller blade angle, Propeller group As selected

[(CNQ)P]K =80.7

(en)

(function of

(Revolutions per second)2Rp
’
and Tg/prop), deg

Propeller normal-force parameter

Propeller normal-force derivative,

K

N
. [oeos(2
[< NO‘)p]KN=80. 7 80. 7

per rad

Figure 5,1, 1-2

Equation (5. 1. 1-3)

Summary: (ACYB>N
p

= -0, 00554 f(cNa>p

®

® ®

®

As set in wind-tunnel

Figure 5. L. 1-1 tests of the airplane

Figure 5.1, 1-2

, | s , [ex),] (Oxa), = | (Ben)y,”
e *p ' e Py =80.7 1 17p® -0 005546@
2. 471(D/2) ver deg
[} 0 1. 00 14.8 0. 080 0. 0936 -0. 000519
.20 . 247 1.19 19.3 . 098 L1147 -, 000756
.44 . 543 1.37 21.5 . 104 . 1217 -. 000924
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TABLE 5.1, 3-1
EFFECT OF POWER ON Clﬁ

’

- Zp CO8 & + X Sin ap 0.5 Xp So
= + (AC ( P P )+'—— 1- 22 (Ac -+ (AC
Clﬁ (clrg)prop ( YB)Np by 57.3 by 8g L) w(Aq) ( L)w(e p)
off
(a) Pertinent parameters
Symbol Description Reference Magnitude
(Clﬁ) Propeller-off Clﬂ Table 4. 3, 4-1 f(arp)
prop
off
Xp Distance from center of gravity to propeller along X-body axis, in, Figure 3. 2-5 63,15
Zp Distance from center of gravity to propeller along Z-body axis, in. Figure 3, 2-5 -10, 43
bw Wing span, in, Figure 3, 2-1 432.0
ACy, Increment of C due to propeller side force, deg Table 5, 1, 1-1(a)
B/N Yg
p For: ,
Te=0 -0, 000519
T =0.20 -. 000756
Tq =0, 44 -. 000924
x}g Distance from propeller to wing quarter chord along thrust line, in, | Scaled from 72
figure 3, 2-1
g—g Power-induced sidewash factor behind propeller Table 5, 1. 1-1(¢)
For:
T, =0 0.0234
TS =0.20 . 1987
T4 = 0.44 . 2896
AC - Increment of lift on immersed wing area due to power-induced Table 5, 1, 1-2(a)-3 f(ap)
Llwag) b
q increase in dynamic pressure of reference 1
(ACy,) Increment of lift on immersed wing area due to power-induced Table 5, 1, 1-2(b)-2 f(ap)
wie P) downwash of reference 1
Summary:
=
For T, =0
Cr, ={(C + (AC 0, 0241 cos apy + 0, 1462 sin «
i3 ( l'[g)pr(%p ( YB)NP ( b in ap)
of.
+ 0.00142 [(ACL)W(AG) + (ACL)W(EP)]
For T, =0,2
or T, =0,20
Clﬂ = (Cl ) + (ACY ) (0. 0241 cos oy + 0, 1462 sin o)
B prop B Np
off
.+
+0.00117[(ACL)W(AQ) (ACL)W(EP)]
For T, =0, 44
c; =<Cz ) * (ACY) (0. 0241 cos oy, + i
. b + 0. 1462 sin ap)
B 8) prop B)Np
off
+0,00103 [(ACL)W(AE) + (ACL)y( p)]
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Ky = 80.7

=
Cr"o‘i;‘éi;”\ P &/

%/Single
[(CNG)D:I 0 Nugg):ers()f 7 \rotat lo/n /
Kn=80.7
/
//
/
/
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2 6, // )/
2
0 10 20 30 10 m | |

B’ deg

Figure 5, 1.1-2, Propeller normal-force parameter (from ref, 17).
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Calculated

= ——— Wind-tunnel data
0
T¢=0
-.004 = T T T S
= Vertical AN
Cyﬁ, per deg tail off N
. SN UREEL & Gluinih bt
- Vertical
tail on
-.012
0
Tc'=0.20
--md
CYB' per deg
-.008 e —==
Vertical
fail on
-.012
0
Tc'=0.44
-.004 — S e il N <
i Vertical -
CYB' per deg taitoff | _ _ _ | I
-.008 =TT -
Vertical
tail on
-.012
-4 0 4 8 12 16
ap, deg

Figure 5. 1, 1-4, Comparison of calculated Cyﬁ with wind-tunnel data

as a function of angle of attack and thrust coefficient,
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Calculated

— - == Wind-tunnel data

.002
//
~ _’/
*—__‘r______——
- 001 Vertical
tail on
an' per deg T, =0
0 ]
Vertical
fail off
-.001
. 002
\\\‘ *\‘__—_
\\\ P
- -
.001 mp————
Vel_'tlcal
ng T¢=0.20
0
-.001
.002
~ - \
T~ Vertical
001 4 failon }
CnB’ per deg Té =0.44
0
p.—--___~:\ | —— ]
Vertical -
-.001 tail off
-4 0 12 16

Figure 5. 1,2-1, Comparison of calculated CnB with wind-tunnel data as

a function of angle of attack and thrust coefficient,
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5.2 Power-0On Control Characteristics
5.2.1 Aileron Parameters

The ailerons on light aircraft are normally not significantly affected by the pro-
peller slipstream. They are far enough away from the slipstream to be on the edge of
or outside the influence of power-induced change in wing-span loading, Consequently,
the values of the propeller-off aileron parameters, Cl@a and Cnéa’ calculated in

section 4, 4, are considered to be valid estimates for all power conditions,

The calculated characteristics of the aileron parameters, Cl5 and Cn(‘3 , for the
a a

subject airplane (from tables 4., 4. 1-1 and 4. 4. 2-1, respectively) are compared with
wind-tunnel data in figure 5,2, 1-1, The wind-tunnel data for C; ba show some incon-

sistency in variation with angle of attack for the different power conditions, This may
be more a matter of test technique than power effects, inasmuch as the tunnel data were
based on aileron settings of -32°, -18°, 0°, 16°, and 32°, which are rather coarse for
accurate determination of aileron characteristics. With this factor taken into considera-
tion, the calculated aileron characteristics have been obtained to a reasonably good
degree of accuracy.

5.2.2 Rudder Parameters

The rudder on a single vertical-tail installation on a twin-engine airplane can be
considered to be outside the propeller slipstream for normal maneuvering and unaffected
by power conditions, Thus the values of the propeller-off rudder parameters, CY5r’

Cn5r’ and Clﬁ , calculated in section 4. 5, are considered to be valid estimates for all
r

power conditions,

The calculated characteristics of the rudder parameters, C , C ,and C;. ,
Y5, “ngy l@r

for the subject airplane (from tables 4,5, 1-1 and 4, 5, 2-1) are compared with wind-
tunnel data in figure 5.2, 2-1, The calculated CY6 and C; 5. barameters show the
r r

same good correlation with the power-on tunnel data as was shown in figure 4, 5. 2-1
for propeller-off conditions, Calculated Cnﬁr’ which showed good correlation with

propeller-off wind-tunnel data (fig. 4.5.2-1), shows poorer but reasonably good correla-
tion with the power-on wind-tunnel data, It should be noted that although the power-on
wind-tunnel data do not show any significant change with power in the linear angle-of-
attack range, the values are smaller than the propeller-off values shown in figure 4, 5, 2-1,
The reason for this difference is not clear,

5.2.3 Symbols

C; rate of change of the rolling-moment coefficient with the
6, aileron deflection, per deg
C; rate of change of the rolling-moment coefficient with the
]
r rudder deflection, per deg
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ng,

~

&b

rate of change of the yawing-moment coefficient with the
aileron deflection, per deg

rate of change of the yawing-moment coefficient with the
rudder deflection, per deg

rate of change of the side-force coefficient with the
rudder deflection, per deg

thrust coefficient

angle of attack relative to the X-body axis, deg
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5.3 Comparison of Predicted Static Stability and Control
Characteristics With Flight Data

Although the calculated static stability and control characteristics were compared
with wind-tunnel data for validation, it is desirable to compare both calculated and
wind-tunnel predictions with flight data, The methods by which the flight-determined
derivatives used in the comparisons were obtained are discussed in this section, and
the flight results are compared with predictions. In previous sections, calculated and
wind-tunnel predictions were referenced to the stability system of axes. In comparing
predictions with flight results the predicted characteristics will be referenced to the
body system of axes to conform with the flight data, Table 5, 3-1 lists a complete set
of transformation equations that reorient the predicted characteristics from stability
to body axis,

5.3.1 Flight-Test Conditions and Maneuvers

The flight data for the subject airplane were obtained at a pressure altitude of
6000 feet and over a velocity range of 133 to 254 feet per second, with the airplane
center of gravity at 12 percent of the mean aerodynamic chord. The data were obtained
from Dutch roll oscillations and sideslip maneuvers,

The Dutch roll maneuver was initiated by an aileron or rudder input when the air-
plane was at a steady-state 1g condition, Aileron inputs were of an abrupt pulse type
to excite the transient oscillatory mode with the controls held fixed at pre-maneuver
trim position during the oscillatory responses. The rudder inputs were of a doublet
type to minimize rolloff tendencies which became evident when rudder pulse inputs were
attempted,

The increasing-sideslip maneuver was initiated from stabilized wings-level conditions,
Sideslip was increased slowly to provide essentially zero roll and yaw rates and accel-
erations,

9.3.2 Analysis of the Dutch Roll Maneuver Flight Data

Flight data from Dutch roll maneuvers were analyzed using the simplest proce-
dures, commensurate with the need, to obtain the flight derivatives by manual manipula-
tion of the data at a desk, Thus primary consideration was given to the use of approxi-
mate equations (ref, 18), with due regard to the limitations of their application. When
the application of an approximate equation was questionable, as for Cy B complete

graphical time-vector solutions involving dynamic derivatives (ref, 18) were used to
supplement or replace the simpler approach,

By using the graphical time-vector technique, CYB was obtained from
R

CYB = - 3 TBT per deg (5.3.2-1)

where

W is the airplane weight, Ib
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q is the free-stream dynamic pressure, lb/sq ft

|at|

181
gravity, in g units) to the sideslip angle (in deg)

is the amplitude ratio of the lateral acceleration (corrected to the center of

S is the wing area, sq ft

In considering the application of an approximate equation to obtain CnB from the

oscillatory flight data, several factors were taken into account. The product of inertia
of the subject airplane is small and negligible for present purposes; also, a study of

the control-fixed oscillatory responses to a control input showed the roll-rate vector to
be approximately 180° out of phase with the sideslip vector. Consequently, the following
equation, which is a refinement of an equation presented in reference 18, was formulated
and used to obtain Cnﬁ’

__1 (Iz x| Ipl b
CnB 57. 3<qu IB' Wn + Cnp 181 AV per deg (5. 3.2-2)
where

I, is the moment of inertia about the Z-body axis, slug—ftz

I—[];l is the amplitude ratio of the yaw rate relative to sideslip, obtained directly

from flight records in the manner described in reference 18, (rad/sec)/rad

1P| is the amplitude ratio of the roll rate relative to sideslip (Because only a

181
limited number of p traces of suitable quality for analysis were available, a repre-
sentative constant value was used for all maneuvers analyzed.)

wp 1s the undamped oscillatory frequency of the responses as obtained from

2m
= 5.3,2-3
R ¢ (55279

and where
P is the period of the oscillations obtained from flight records, sec

¢ is the damping ratio obtained from

(422)

Ty/9 is the time to damp to half amplitude, obtained from flight records
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C is the calculated yawing-moment-due-to-roll-rate derivative, obtained from

Ly
section 6. 4,

As a check on the flight-determined values of CnB (obtained by the approximate
equation (5. 3. 2-2)), complete graphical time-vector solutions were obtained when the
quality of the p traces permitted. The check cases involved refined techniques
(described in ref, 18) to obtain :—Bl% and its corresponding phase angle, ®rg, mMore pre-

cisely than was possible using the flight records directly,

The approximate equations for C (ref. 18) showed excessive sensitivity to slight
lp

experimental errors, because small differences in two large numbers caused a dispro-
portionately large variation in the derivative, This unreliability, along with an indica-
tion that there was a discrepancy between flight-determined and predicted values of

C; B resulted in use of the graphical time-vector solution of the rolling-moment equa-

tion whenever suitable data were available, As described in reference 18, the solution
of the rolling-moment equation involves refined techniques for obtaining fairly precise

Izl
18

mental error., Although CZB is of prime concern at this time, the use of the complete

values of and its corresponding phase relationship, Prgs thus reducing experi-

vector solution involves dynamic derivatives,

The graphical time-vector solution of the rolling-moment equation involves the
derivatives CZB’ Clp’ and Clr' Only two of these can be solved for at the same time,

For the subject airplane the p and B vectors were almost 180° out of phase and, as
a consequence, it was not possible to solve for Czp and CZB' Slight experimental

errors in the phase relationship of p and B resulted in large changes in C;  and
CZB. Because Clp can be theoretically predicted within 5 percent, it was decided to
use calculated values of Clp as the known quantity and to solve for CZB and Clr'

A typical vector diagram showing the rolling-moment equation being solved for
CZB and C7z,. 1is shown in figure 5.3.2-1. The orientation of the vectors shows that

181

CZB is obtained with good accuracy (within 5 percent), since Ik (DBI" j'%l , and Clp
are known with a good degree of accuracy. The derivative Clr is determined with

a smaller degree of accuracy (within 20 percent) because of the probable +5° error in
the phase angle between the p and r vectors,

The control derivatives relative to the body axes may be obtained by manual calcu~
lations from the initial portion of the maneuvers (from initiation of the input to the first
peak of the dominant angular acceleration) using abbreviated yawing- and rolling-
moment perturbation equations of motion related to the body-axes system. The degree
of abbreviation permitted is a function of the type of airplane input as well as of airplane
response characteristics, The following equations were used to obtain the aileron
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derivatives for the subject airplane from the initial portion of Dutch roll maneuvers
initiated by abrupt, pulse-type inputs:

o1 (Ix . b
Cig, = zs;<a's'5Ap'ClpAP'z—v'ClﬁAﬁ> (6. 3.2-9)
Cor =k (22t - XE Ap-cpar £ -y As 5.3.2-6
N0a ~ A8, \ gsb e A (6.3.2-6)

The following equations were used to obtain the rudder derivatives from the initial
portion of the Dutch roll maneuvers initiated by abrupt, doublet-type rudder inputs:

Iz .. b
Cnér = (E-Sg Ar - CnrAr W - CnBAB) (5. 3. 2"’7)
I
r \gsb p 2V B

In these equations, p, p, r, and r are in radians; 8 is in degrees.

After studying the variation of the product of inertia, Ix7z, for the range of airplane

weight encompassed by the flight-test data and after several spot checks of its influence
on the results, the product of inertia of the subject airplane was considered to be neg-
ligible in all instances except in the determination of Cnﬁa (eq. (5.3.2-6)). The pro-

duct of inertia was between 20 and 40. The moments of inertia about the X-axis and
Z-axis were of the order of 2700 and 4400,. respectively. '

The static body-referenced stability derivatives, CnB and CZB’ used in the equa-
tions were obtained from equation (5. 3. 2-2) and from graphical time-vector techniques,
respectively,

The dynamic derivatives, Clp and Cnr’ used in the equations are calculated values

(from section 6) transformed from the stability- to the body-axes system. The calcu-
lated values of C; p’ used in the absence of flight values, are considered to be within

5 percent of the true value, Although flight-determined values of Cp, could have been
used, calculated values, which correlated well with the flight data, were given prefer-
ence because of the scatter in the flight data,

The increment changes in ¢, p, r, p, and 8 correspond to the time increment,
At, of the initial rapid control input, Ad. Corrections for the phase lag in the response
of the sensed quantities were applied as required.
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5.3.3 Analysis of the Increasing-Sideslip-Maneuver Flight Data

The flight data from the increasing-sideslip maneuvers were analyzed for Cnﬁ and
C; B’ using the following equations from reference 18, to substantiate the values obtained
from the analysis of the Dutch roll flight data, particularly the values of C} K

Cng = - (Cn6r5r3 + Cn5a633> (5. 3. 3-1)

Cpg = - (Clérérﬁ + Claa5a3> (5. 3. 3-2)

where

Grﬁ, Gaﬁ are the variations of trim values of rudder and aileron settings, respec-

tively, with sideslip
Cné , Cné » C15 5 C are the control-effectiveness parameters previously
r a aa 51‘
discussed

Unless the sideslip maneuver is performed carefully, the sideslip parameters,

Oy, and ﬁaﬁ, are obtained inaccurately, thus precluding the successful application of

B
equations (5, 3. 3-1) and (5. 3. 3-2), For the subject airplane the sideslip maneuvers
were performed with precision, thus minimizing the error in determining these side-
slip parameters. Also, faired values of flight-determined Cnﬁr’ Cnéa’ and C; 5

a

were used to minimize the level of uncertainty of these parameters. Because CZGr

could not be determined from the flight data available, calculated values were used,
5.3.4 Comparison of Predicted Stability and Control Characteristics With Flight Data

In figures 5. 3. 4-1 and 5, 3., 4-2 the predicted static stability and control characteris-
tics are compared with the flight-determined characteristics of the subject airplane,

5.3.4-1 Static Stability Derivalives

As indicated in figure 5, 3,4~1, flight-determined CYB shows excellent correlation
with wind-tunnel data, Calculated CYB shows good agreement at low angles of attack,

but correlation deteriorates with increasing angle of attack, This deterioration is
probably due to the inadequate allowance for wing-body interference and vertical-tail
sidewash effects as a function of angle of attack.

Considering the scatter of the data and the various techniques used in the analysis,
flight values of CnB show good correlation with the wind-tunnel data through most of

the flight range, The calculated values show an increasing discrepancy with wind-
tunnel and flight data with increasing angle of attack; however, the correlation is
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reasonably good, The increasing discrepancy is undoubtedly due to some extent to
inadequate allowance for vertical-tail sidewash effects as a function of angle of attack,
Flight-determined C; 8 obtained from the graphical time-vector solution generally

shows the same variation with angle of attack as predicted by calculations and wind-
tunnel data; however, it does not correlate in magnitude. Flight C; B is approximately

40 to 50 percent less than predicted. Although calculated values of C Zp were used in

the graphical time-vector technique to obtain C; 8’ this usage of calculated Clp was

not a factor in the discrepancy., This is verified by the somewhat less accurate but
reasonable values of CZB obtained from increasing-sideslip maneuvers, which tend to

correlate with the values obtained from the time-vector technique., The validity of
flight-determined values of C; 8 is substantiated in sections 7,3 and 7, 4. 2, in which

it is shown that improved correlation of the calculated response parameters 2 and

<§%> 181

5 were obtained when flight values of C; 8 were used in the response equations,
a

A study of the factors that contributed to Cg 8 under propeller-off conditions
(table 4. 3. 4-1) and of the effect of power on CZB (table 5, 1. 3-1(b)) showed wing and

wing-fuselage interference to be the most likely sources for the discrepancy. The
vertical tail was not considered to be a potential source of discrepancy, because its
contribution is much smaller than the magnitude of the discrepancy shown.,

A similar discrepancy in C was encountered in a Princeton University study
%

(ref. 19) in correlating wind-tunnel and flight data for a light, single-engine, propeller-
driven airplane. Obviously, the discrepancy should be investigated further,

5.3.4-2 Control Derivatives

The correlation between flight, wind-tunnel, and calculated control derivatives,
Cl6 s Cnﬁr’ and Cn(‘ia is shown in figure 5, 3.4-2, The derivative CZ6 is not
a r

included because the quality of the flight data would not permit the determination of this
parameter to any reasonable degree of reliability with the method of analysis used.

The correlation is excellent between flight and wind-tunnel C; 5 and Cn(3 . The
a r

calculated value of C is approximately 8 percent low at an angle of attack of 0° and
laa

14 percent low at an angle of attack of 10°, The calculated value of Cnér is approxi-

mately 10 percent high at an angle of attack of 0° and 15 percent high at an angle of
attack of 10°,

Although calculated and wind-tunnel values of Cn5 show reasonably good correla-
a

tion, flight data indicate larger negative values than predicted. The reason for this
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discrepancy has not been determined,

5.3.5 Symbols

Unless otherwise indicated, the mass properties and aerodynamic characteristics
defined are related to the body system of axes. Calculated and wind-tunnel-determined
aerodynamic characteristics can be transformed to the body system, for use in section

5. 3, by using table 5, 3~1,

a,t
b
Ce
_ o OF
Ca " Ja
Cp
BCD
CDa T Jo
CL
SCL
CLOJ = da
Cy
oC
_ Z
Clp = —_g,(P_‘Z
2V,
SCZ
Clr = —__E_t_)_)
2V,
_ 5107
Clg = 5~
8Cl
Cl. T e
" o)
2V,
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lateral (transverse) acceleration, g units
wing span, ft

coefficient of the axial force along the X-body axis,
positive to the rear

drag coefficient; coefficient of the axial force along the
X-gstability axis, positive to the rear

lift coefficient; coefficient of the lift force along the
X-stability axis

rolling-moment coefficient

variation of the rolling-moment coefficient and the yawing-
moment coefficient, respectively, with control deflec-
tion



0Cy

Cl5a= 55,
LY
Cls.~ 55;
Cm
9Cm
Cma Y
Cn
aCN
CNoz = ou
Cn
np" 5 ng‘)’
Ny~ 5 g%
ng = 55
9Cy
CnB = 5
\Y
9Cp
Cng,, = 35,
8Cy,
Cn,. = 55,
Cy
0Cy
o)
oCy
Cy, = i
V

pitching-moment coefficient

normal-force coefficient; coefficient of the force
parallel to the Z-body axis

yawing-moment coefficient

side -force (lateral-force) coefficient
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0Cy

s = 55
Ix, Iy mass moment of inertia about the X-body axis and the
Z-body axis, respectively, slug-ft2
Ixz mass product of inertia referred to the X~ and Z-body
axes, slug-ft2
P period of the Dutch roll oscillation, sec
p,r rolling and yawing velocity about the X -body axis and the
Z -body axis, respectively, rad/sec
p, T rolling and yawing acceleration about the %(—body axis and
the Z-body axis, respectively, rad/sec
q free-stream dynamic pressure, lb/sq ft
S wing area, sq ft
T, thrust coefficient of the propellers, Th_r;St
q
T, /2 time required for the Dutch roll oscillation to damp to
one-half amplitude, sec
\Y4 true airspeed, ft/sec
W airplane weight, b
o, ap airplane angle of attack relative to the X~body axis, deg
ap* upper limit of linearity of the lift-curve slope
B angle of sideslip, deg (unless noted otherwise)
g rate of change of sideslip with time, rad/sec
A inerement
0a,0r differential aileron and rudder deflection, respectively,
deg
6o = B
8
Gr‘B - EB'—'
£ damping ratio
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Subscript:

S

phase angle of a vector quantity i relative to a vector
quantity j during the Dutch roll oscillation, deg

bank angle, deg

undamped natural frequency of the Dutch roll oscillation,
rad/sec

amplitude ratio of a vector quantity i relative to a
vector quantity j during the Dutch roll oscillation

relative to stability axis
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TABLE 5, 3-1

TRANSFORMATION OF DERIVATIVES FROM STABILITY TO BODY AXIS
CNa =Cyp,cosa+ CDa sina + C,

Ce =CDacosoz - Cp,sina - Cy
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Figure 5.3,2-1. Typical graphical time-vector solution of Clﬁ and Clr for the

subject airplane using calculated Clp as a known quantity., « =6°,

147



Flight data
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Figure 5. 3,4-1. Comparison of predicted static stability characteristics with
flight data relative to body axes.

148



o Flight data
Calculated
— — —— Wind-tunnel data

0
-.0004
C ’
N5, -.0008 —=
per deg o - — 0——=——0~"
¥
-.0012
-.0016
.0016 o
° 4
_—Q—GO"D'%- TS
.0012 \\\
\
\
C
1s," 0008
per deg
.0004
0
0 e
;;—-—‘{:—" o \\
°a@ o & ® ™\
Cng
62’ -.0002
per deg
-.0004
0 4 8 12 16
ap, deg

Figure 5. 3.4-2., Comparison of predicted control characteristics with
flight data relative to body axes.
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6.0 DYNAMIC DERIVATIVE CHARACTERISTICS

The calculations of the lateral-directional dynamic derivatives considered in this
section take into account the effects of power when feasible.

The methods used in calculating the contributions of the lifting surfaces to the dynam-
ic derivatives are based on lifting-surface theory and, as a consequence, on attached-
flow conditions. Because the attached-flow conditions prevail up to stall angles for the
high-aspect-ratio lifting surfaces, the methods used are valid up to near-stall conditions
for the purposes of this report. Asa result of the attached-flow conditions, the dynam-
ic derivatives of conventional general aviation airplanes are frequency-independent over
the practical frequency range of operation of the airplane.

In the following discussion of the methods for calculating the various dynamic deriva-
tives, the derivatives are referred to the stability-axes system, When the calculated
dynamic derivatives are compared with flight data, the calculated characteristics are
transformed to the body-axes system (using table 5. 3-1) to be compatible with the flight
data,
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6.1 Damping-in-Roll Derivative, Clp

Although the wing is generally the only significant contributor to Clp, the contribu-

tions of the horizontal- and vertical-tail surfaces, the nacelles, and the propellers are
also accounted for. The modifying influence of the fuselage on the wing and horizontal-
tail contributions is taken into account.

In considering power effects, the power-induced change in dynamic pressure at the
horizontal tail is accounted for as a normal consideration in discussing the horizontal-
tail contribution to Clp- The effects of power on the wing, nacelles, and propeller

contribution to Clp are discussed separately,

Taking into account the types of contribution to the damping-in-roll derivative to be
discussed, the Clp of the airplane may be represented by

Cip= <Czp>wf+ <Czp>hf + (Czp>v + (Clp>n + <ACzp>power (6. 1-1)

6.1.1 Wing-Body Contribution to CZ
P

At low speeds (Mach numbers of less than 0, 20), lift coefficients near zero, and
fuselage-width to wing-span ratios of 0, 25 or less, the contribution of a wing-fuselage
combination to C lp is similar to the contribution of the wing alone and may be obtained,

for zero dihedral conditions, from figure 6. 1, 1-1 (from ref, 12) as a function of aspect
ratio, taper ratio, and sweep angle of the quarter-chord line, In lieu of figure 6, 1, 1-1
or when fuselage width may be an influencing factor, C lp for near zero-lift conditions

may be obtained from the nomograph of figure 6. 1. 1-2 (from ref. 3). This figure is
based on lifting-surface theory (ref. 20) corrected for sweep by the method of refer-
ence 4 and empirically modified, on the basis of available wind-tunnel data, for the
effects of the fuselage.

The effect of dihedral and change in the lift-curve slope at the higher lift coefficients
on C; p at low-speed conditions are accounted for by the following equation:

_ (CLa) (Ctp)
[(Clp)wf]M=0 = (Clp>WcL=o (CLO‘)WZ:O (Clp;)rio + (Aclp)Wdrag (6. 1. 1-1)

where

<CLQ> is the propeller-off lift-curve slope of the wing at zero lift
WC1=0
L

(CL O‘)Wc is the propeller-off lift-curve slope of the wing at the airplane angle of
L

attack being considered, obtained from a figure like figure 4. 1, 1-1 with stall extended
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to power-on stall angles

(Cl p)r

c; — 1is the correction factor for dihedral, obtained from figure 6, 1. 1-3 from
PJr=0

reference 21; as can be noted in the figure, the influence of dihedral on the wing con-
tribution to Clp is a function of the vertical displacement of the center of gravity from

the wing-root chord and can be significant
(ACZ ) is the increment of C;  due to wing drag in roll, For high-aspect-
P Wdrag p

ratio wings this increment is negligible; however, its effect is larger than the separate
or combined contributions of the tail surfaces. As accounted for by reference 22,

2
C Ay + 2cos (A )
L Ly s w c/4w 1
=.1 1 + 2sin2 -=(C
(Aclp)wdrag 8 nAycos? (Ac/4)y, [ F2sintihc/a)y, Ay + 4cos (A0/4)wjl 5 (Do), (6. 1.1-2)

To account for Mach number (compressibility) effects, the low-speed wing-body
contribution to Clp is modified by the application of the Prandtl-Glauert rule, In

accordance with reference 5,
Ay + 4cos (Ac/4)y

[(Clp>wf]m " AyBay, * 4cos(Rg/a)y, [ clp>wf] M=0

(6. 1.1-3)

where

By, = \/ 1 - M2 cos? (A /8)y

The calculations pertaining to the contribution of the wing-fuselage of the subject
airplane, using the preceding relations, are summarized in table 6. 1, 1-1 for propeller-
off conditions. In the nonlinear lift region (near stall), the stall characteristics of the
propeller-off lift curve have been extended to the stall angles of the various power con-
ditions (fig. 4. 1. 1-1) to obtain to a first order of approximation the propeller-off

C; p) near the stall angles for the powered conditions, From the results of table
wif
6.1, 1-1, plotted in figure 6, 1, 1--4, it can be observed that (Clp>wf

stant throughout the linear lift range of the wing, From the limit of linearity (between
10° and 11° of angle of attack) there is a rapid decrease in damping in roll of the wing
to a value near zero at stall, Beyond stall, damping in roll becomes negative,

is relatively con-

6.1.2 Horizontal-Tail Contribution to (

The contribution of the horizontal tail to C .. is usually negligible, When the tail
1Y

is large, however, its influence may not be negligible, In such instances, its contribu-
tion may be determined by applying the procedures of section 6. 1, 1 and multiplying the
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Sh

2, =
b q
result by the factor 0.5 —-< h ) <:b- ) . This adjusts the results to the reference

5o \Bw/ (3

wing area and span and accounts for the rotation of flow at the tail produced by the wing,
as noted in reference 15.

When the tail has zero dihedral and only the linear range of the tail lift-curve slope
is of practical interest, the expanded form of equation (6. 1. 1-3) applied to the hori-
zontal tail will result in

2, -
Sh <bh> 9_11 Ap + 4cos(/\c/4)h
C =0.55- |+ C + (AC
< lp>hf Swibw/ \ g || AnBgy + 4cos(Ac/q)y ( lp)th=o < lp>hdrag (6. 1.2-1)

where, with the quantities referenced to tail area and geometryv.

2
CL Ap + 2cos (Ae/4)
S ) e in2 h /4| 1
(Aclp>hdrag 8 | mAp cos (Ac/4)h:| [1 + 2sin®(Ac/q)y Ap + 4cos(/\c/4)h:, 8 <CD0>h (6. 1. 2-2)

Applied to the subject airplane, the preceding relations indicate that the horizontal-
tail contribution in the presence of the fuselage is of the order of 1 percent of the wing-
body contribution (table 6. 1. 2-1) and is due almost entirely to quantities involving

lp in equation (6. 1.2-1).
hcy =0

6.1.3 Vertical-Tail Contribution to CZ
p

The contribution of the vertical tail to Clp may be obtained from the following

equation (based on ref. 22) which accounts for the sidewash caused by the unsymmetrical
span loading on the wing during rolling:

’ z,cos o + lvsin oy 2(zy cos ap, + Ly sin ap) o
<Clp>v=-57'3(CLO‘>v< bw by * (6. 1.3-1)

50w
2V
where
’
(CL ) is the effective lift-curve slope of the vertical tail, obtained from equa-
o
v
tion (4. 5.1-2) referenced to the wing area, S, per deg

zy is the vertical distance parallel to the Z-body axis from the center of gravity to

the vertical-tail mean aerodynamic chord, positive when measured down from the center
of gravity, obtained from figure 3. 2-4

lv is the distance parallel to the X-body axis from the center of gravity to the

quarter chord of the vertical-tail mean aerodynamic chord, obtained from figure 3.2-4

by is the wing span, obtained from figure 3, 2-1
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oo
aﬁ_w
2V
indicates a sidewash at the tail in the same direction as the wing roll

is the rate of change of sidewash with wing-tip helix angle; positive value

The sidewash factor, , is not easily determined. In reference 23, analysis

o Pw

2V

of wind-tunnel data of a single-tail model indicated that the effect of the angle of attack
on this factor was small through approximately 12° of angle of attack, It was concluded
that a value of 0,25 was a fairly good approximate average value for the sidewash
factor. In reference 24 it was determined that the magnitude of the factor and its
variation with angle of attack were functions of wing aspect ratio and sweepback, vertical-
tail span, and considerations associated with airplane geometry. As a result of a study
of reference 24, a value of 0.20 was used in calculating the vertical-tail contribution of
the subject airplane to Clp'

The calculations in table 6, 1. 3-1 of the contribution of the vertical tail of the sub-
ject airplane to C lp show that the vertical tail contributes less than one half of 1

percent of that contributed by the wing, The contribution of the sidewash factor (column
9 in the table) tends to cancel out the effectiveness of the tail in roll,

6.1.4 Nacelles Contribution to CZ
p

The propeller-off contribution of the nacelles to Clp is the result of roll-rate-

induced increments in angle of attack at the nacelle. This contribution is accounted for
by the following equation:

(Clp>n =-114, 6<CLQ)H(%>2 (6. 1. 4-1)

where

Y is the lateral distance, parallel to the Y-axis, from the X-axis to the thrust

axis

The lift-curve slope of the nacelles, (CLoz> , is obtained graphically from the lift curve
n

of the two nacelles in figure 6. 1. 4-1 for the particular angle of attack being considered.
The lift curve in figure 6. 1. 4-1 was plotted from the data in columns 5 and 6 of table
4, 4-2 in reference 1.

Table 6. 1.4-1 summarizes the propeller-off contribution of the nacelles of the
subject airplane,
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6.1.5 Power Contributions to (fl
p

Power contributions to the damping-in-roll derivative of the subject airplane arise
from:

(1) The power-induced increase in dynamic-pressure ratio on the horizontal tail,
obtained from section 5, 1,2 of reference 1. This was accounted for in the calculations
for the horizontal-tail contribution to Clp (table 6.1, 2-1),

(2) The power-induced change in wing contribution to Czp resulting from the incre-

mental change in lift of the portions of the wing immersed in the propeller slipstream.
Because the change in lift of the immersed portion of the wing per propeller is a
function of power-induced change in dynamic pressure and downwash behind the pro-
peller, both of which are functions of thrust coefficient and angle of attack,

(Aclp)w(Aq+ep) - <ACZ P)w(Aq) ¥ <Aclp>w(€p)

2

yr
= -57.3(2n) [(ACLO‘)W(AF;)/ propeller + (ACLQ) )/ Propeller:l < m> (6. 1.5-1)

w(ep

where
n is the number of propellers

(ACLa> /propeller is the change in lift-curve slope due to the change in dynamic
w(Ag)

pressure acting on the wing immersed in the slipstream of one propeller, obtained by
measuring the slope of (ACL)W(AE]') versus oy, in figure 6, 1. 5-1 (obtained from table

5.1,1-2 of ref, 1)

(ACL ) /propeller is the change in lift-curve slope due to power -induced change
“wiep)
in the downwash behind the propeller acting on the wing area immersed in the slipstream
of one propeller, obtained from figure 6.1.5-1 in the same manner as (ACLQ) _/
w(Aq)
propeller

The calculations of table 6, 1, 5-1 that account for the power-induced change in wing
contribution to ¢ of the subject airplane indicate that:
p

(a) The power-induced change in dynamic pressure increases the wing contribution
to Clp with increasing power at any one angle of attack through the linear lift range
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with a maximum effect at zero lift and a minimum positive effect at the limit of linearity
of the lift-curve slope,

(b) The influence of the power-induced change in downwash, € , is similar to AqQ

p,
but of opposite sign, which tends to cancel the Aq effects. (A proper assessment of
power effects on the wing requires that both A§ and €p effects be accounted for.)

(3) The power-induced contribution of the propeller normal force to C lp results

from roll-rate-induced change in angle of attack of the propeller plane, This is readily
accounted for by the following equation (for two propellers):

yTz

<Aclp>Np =-114, 6<CLa)Np<B-V-V-> (6.1.5-2)

The lift-curve slope of the propeller normal force is obtained graphically from the lift
curve of the propeller in figure 6. 1, 5-2 for the particular angle of attack being con-
sidered. The lift curve was plotted from the data in column 6 of table 5, 1, 1-1(¢) in
reference 1,

Table 6, 1, 5-2 summarizes the contributions of the normal forces of the propellers
to Clp of the subject airplane,
(4) The power-induced change in nacelle contribution to Clp results from the

power-~induced change in dynamic pressure and downwash behind the propeller acting on
the nacelles immersed in the propeller slipstreams,

The change in nacelle contribution to Clp due to power-induced change in dynamic

pressure is accounted for by

\ A-
ACy _=(= <cl > (6. 1. 5-3)
< p)n(Aq) <qw> p N prop
off
where
%_q is the change in the dynamic-pressure ratio behind the propeller, obtained
q
o0

from table 5, 1, 1-2(a)-2 in reference 1

(cz p) B ro
offp

equation (6, 1,4-1)

is the propeller-off contribution of the nacelles to Clp, obtained from
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The change in nacelle contribution to C Ip due to the power-induced increment of

downwash on the nacelles is obtained from the following equation, derived from relations
given in section 5, 1 of reference 1:

(ACZ ) =114.6(CL,) -———-8—p—— <1 + 29 <—> (6. 1. 5-4)
p n(ep) ) nprop I - € q. bW
off da
where
Oe
5 ap is the rate of change of the propeller downwash with the propeller angle of

attack, obtained from table 5, 1, 1-2(a)-2 in reference 1

O¢
3-5}1— is the upwash gradient at the propeller, obtained from table 5. 1, 1-1 in
w

reference 1

A comparison of equation (6, 1, 5-4) with equation (6. 1, 4-1) shows that equation (6.1, 5-4)
can be modified to

de
'5—&-& _
= p Ag
AC =-(c —2P2 1+ 2 (6. 1. 5-5)
( lP)n(ep) ( Zp)nprop 1 ey < qoo>
off ™

The net effect of the power-induced dynamic pressure and downwash increments on
the contribution of the nacelles to Clp is accounted for by combining equations

(6. 1.5-3) and (6. 1, 5-5). This results in

(ace p>n<A6+ep> ) (Aclp>n<Aa) i (Aclp>n<ep>

- oo -
-qég-- - r <1+ —A—q> (6.1.5-6)

off 1-

Table 6, 1, 5-3 summarizes the contributions to Czp of the subject airplane due to

power-induced increments of dynamic pressure and downwash acting on the nacelles,
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6.1.6 Summary of Contributions to (fz
P

Table 6. 1, 6-1 summarizes the contributions to Cy p of the subject airplane. For

propellers-off conditions, the wing is the only significant contributor, With the wing
contribution as a base value, the horizontal tail and the nacelles each contribute approxi-
mately 1 percent, The vertical-tail contribution is negligible,

The effect of power on the C Zp of the subject airplane is a function of thrust coeffi-

’
cient, Té, At T, =0, the effect of power is nil. The small but negligible increase in

damping in roll due to the propeller normal force (column 7) is canceled by the adverse
effects of power on the immersed wing area and the nacelles (columns 6 and 8). With
increase in thrust, the propeller normal forces and the power-induced effects on the
nacelles and immersed wing areas increase the damping in roll, At Té = (0.44 the

largest power-induced effect is due to the immersed wing area (column 6), which con-
tributes from approximately 8 percent (at ap = -4°) to 4 percent (at ap =8°) to the

damping in roll, At this high thrust condition, the propeller normal forces and the
power-induced effects on the nacelles each contribute less than 1 percent,

Figure 6, 1, 6-1 shows the variation of the calculated Czp of the subject airplane as

a function of angle of attack and thrust coefficient, No wind-tunnel data were available
for comparison, Comparisons with flight data are made in section 6. 5.

6.1.7 Symbols
A aspect ratio

Ap, Ay aspect ratio of the horizontal tail and wing, respectively

Bay, =\/ 1 - M2 cosz(/\c/4)h

Bp,, = \/1 - M2 cosz(/\c/4)w

b span of the lifting surface, in.

bh, bw span of the horizontal tail and wing, respectively, in.

(Cpg), » (CD ) zero-lift drag coefficient of the horizontal tail and wing,
0/n 0/w

respectively, at incompressible flow conditions based
on respective areas

CLh’ CLW lift coefficient of the horizontal tail and wing, respectively,
based on the respective surface areas

CLn’ ( CL)N lift coefficient of the nacelles and normal forces of the
p propellers, respectively, based on wing area
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(Cray,
<CLa>n’ (C£‘O‘)v

(CLOZ> ’ (CLa>

(BCL)wag) (BL)(ep)

ACy, / propeller,
“’w(Ag)

/propeller

(AC L
w(e p)

o

lift-curve slope of the propeller normal force, based on
the wing area, per deg

lift-curve slope of the nacelles and effective lift-curve
slope of the vertical tail, respectively, based on the
wing area, per deg

lift-curve slope of the wing for propeller-off conditions
at the wing zero-lift coefficient and wing lift coefficient,
respectively, per deg

increment of the wing lift coefficient due to the power-
induced change in the dynamic pressure and the change
in downwash, respectively, acting on the portion of
the wing immersed in the slipstream of one propeller

increment in the wing lift-curve slope due to the power-
induced change in the dynamic pressure and the change
in downwash, respectively, acting on the portion of
the wing immersed in the slipstream of one propeller,
per deg

rolling-moment coefficient

aCy

damping-in-roll derivative, , per rad

9 —r
2V

horizontal-tail contribution to Clp at the zero lift of

the tail due to the lift characteristics of the tail at
incompressible flow conditions with fuselage effects
on the tail taken into account, based on the tail span
and area, obtained from figure 6.1, 1-2

net contribution of the horizontal tail to C lp including

the fuselage effect on the tail and the tail drag effects,
based on the wing span and area

contribution of the nacelles to Clp for propellers-off

conditions, based on the wing span and area

contribution of the vertical tail to Clp based on the

wing span and area

propeller-off wing contribution to C lp at the zero lift of

the wing due to the lift characteristics of the wing, at
incompressible flow conditions, with the fuselage effects
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<ACZ p) Np

(A%tp)niagy <Aclp>n<ep)

on the wing taken into account, obtained from
figure 6.1, 1-2

net propeller-off wing contribution to C lp including the

fuselage effect on the wing, dihedral effects, and the
wing drag effects

correction factor to be applied to <C 7 ) to account
P WCL-'-‘O
for the wing geometric dihedral, obtained from
figure 6.1, 1-3

increment of the horizontal-tail and wing contribution,
respectively, to Clp due to the roll-induced drag
of the surfaces under incompressible flow conditions

and based on the respective surface span and area

incremental contribution of the propeller normal force
to C;
p

increment of the nacelle contribution to CZ due to the
p

power-induced change in the dynamic pressure and the
change in downwash, respectively, acting on the
nacelles

() agrep - () piaz) * <Aclp>n<ep>

AC
( L p) power

<Aclp)w(Aa)’ <Aclp>w(ep)

net contribution of the power effects to Clp

increment of the wing contribution to C Ip due to the

power-induced change in the dynamic pressure and the
change in downwash, respectively, acting on the
portions of the wing immersed in the propeller slip-
streams

(t)wagrep = (“)way * <Aclp>w(ep>

d

dhs dW

160

width of the body at the lifting surface, in.

width of the fuselage at the horizontal tail and wing,
respectively, in.



@b

A

-
9.

.J
distance parallel to the X-body axis from the center of

gravity to the quarter chord of the horizontal- and
vertical-tail mean aerodynamic chord, respectively, in,
Mach number
number of propellers
roll rate, rad/sec
pitch rate, rad/sec

dynamic pressure at the horizontal tail, lb/sq ft

dynamic pressure at the vertical tail, Ib/sq ft

free-stream dynamic pressure, lb/sq ft

power-induced change in the dynamic pressure in the
propeller slipstream behind the propeller, 1b/ sq ft

area of the horizontal tail and wing, respectively, sq ft

thrust of the propellers, 1b

thrust coefficient of the propellers, -
90 Sw
free-stream velocity, ft/sec

distance from the XZ plane of symmetry to the thrust
line of the propeller, in,

vertical distance parallel to Z-body axis from the center
of gravity to the vertical-tail mean aerodynamic chord,
positive down, in,

vertical distance from the center of gravity to the quarter
chord of the wing root chord, positive down, in.

airplane angle of attack relative to the X-body axis, deg

- ql
horizontal-tail angle of attack, «j, - € + 57. 3 —-{I-h, deg
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Oe elevator deflection, deg

€ downwash at the horizontal tail, deg
€p power-induced downwash behind the propeller in the
propeller slipstream, deg
Bep
Tore rate of change of ¢ p with the effective angle of attack of
p
the propeller
dey
55 upwash gradient of the propeller; rate of change in the
w wing upwash at the propeller with wing angle of attack
r wing geometric dihedral, deg
A taper ratio
A A taper ratio of the horizontal tail and wing, respectively
h* *w
Ac/4 sweep of the quarter-chord line of the lifting surface, deg
(AC/4)11, (Ac/4)w sweep of the quarter-chord line of the horizontal tail and
wing, respectively, deg
0
¢ rate of change of the sidewash on the vertical tail
9 P_E_w (induced by the wing rolling rate) with the rolling
2V helix angle
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TABLE 6,1, 1-

1

WING-FUSELAGE CONTRIBUTION TO Clp

Ay + 4cos(Ac/‘9

€,

C 7 p>r

— W Cl )
( p)wf AwBay, ¥ 4cos(Ac/dly, ( prL'O ‘ Laiwc -0 'm0

1
'AC ER UL S
( lp)wdrag 8 rAy cos? (A /4,

CLWZ

[1+ 2sin? (A g

Ay + Zcos(Ac/4)w
w Ay + 4cos(Ac/4)w

" (2%)
Wdrag

| -4,

Symbol Description Reference Magnitude
M Mach number Wind-tunnel test condition 0,083
B2w V1i- M2 (:o&!zl\c/‘,t Equation (6. 1. 1-4) . 997
Ay Wing aspect ratio Figure 3.2-1 7.5
(Ac/a)y Wing sweep along quarter-chord line, deg Figure 3.2-1 -2.5
Aw Wing taper ratio Figure 3,2-1 . 513
by Wing span, in, Figure 3,2-1 432, 0
dy Width of fuselage at wing, in, Figure 3.2-1 48.0
=

o] Wing-fuselage C at C =0 with Figure 6, 1, 1-2 -.46
( lp)WCL=0 g-fuselage Cy at Cp,, g
(CD 0)w=0, rad
zv', Vertical distance from wind-tunnel center of Figure 3, 2-2 4,0
gravity (waterline = -12 in.) to quarter
chord of wing root chord (waterline = ~16 in.),
in,
2z
B 0185
r Wing dihedral, deg Figure 3, 2-1 5.0
(°ts),
Factor to account for effect of dihedral on C 1 Figure 6,1, 1-3 ~1,0
i ip ir‘ - p
(CL a) Wing lift-curve slope at ch =0, deg Figure 4,1, 1-1 0, 0733
WCp =0
(CL ) Wing lift~curve slope at Cr,, deg Figure 4.1, 1-1 f(an,)
(12
W,
‘L
(CD ) Zero-lift drag of isolated wing Table 4, 12, 1-2 of 0. 00993
0/ reference 1
c =-6,288(C -0,00534C, 2 - 0,00124
( lP)wf ( La)wC Ly
L
- Figure 4,1, 1-1
-6.288 (c ) = c;.) -
ay,, o} L P,
b ( La)w Cr, Wwer -0.00534®?2 - 0. 00124 ( ) wi
deg CL
-6.288() @+0®
-4 0.0733 0 -0,46091 -0, 00124 -0,46215
-2 . 0733 . 145 -, 46091 -, 00135 -, 46226
0 0,0733 0,292 ~0,46091 -0, 00170 -0, 46261
2 . 0733 , 437 -. 46091 -, 00226 -.46317
4 0,0733 0, 584 -0, 46091 -0, 00306 -0, 46397
6 . 0733 . 730 -, 46091 -, 00409 -, 46500
8 0,0733 0, 875 -0, 46091 -0, 00533 -0, 46624
10 . 0733 1. 023 -. 46091 -, 00683 -, 46774
Propeller-off characteristics in stall region with stall extended to power-on stall angles
T, =0 12 0, 065 1,160 -0, 40872 -0, 00843 -0,41715

[

13.8 0 1, 240 0 ~, 00945 -. 00945
T/ = 0.20 12 0, 068 1,170 -0, 42444 -0, 00855 -0, 43299
14.1 0 1,253 0 -, 00962 -, 00962

7 - - -

T, = 0,44 12 0, 069 1,175 0, 43387 0. 00861 0, 44248
14. 4 0 1,272 0 -. 00988 ~-. 00988
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TABLE 6,1,2-1

HORIZONTAL-TAIL CONTRIBUTION TO Clp

Ay + 4cos (Ac/4)h

S (b0 \*(3
(czp>hf= 055 (b—w> <:‘;i) ApBy, + 4cos(Ac/g), (Clp)th=0 + (ACZp)bdtag

2
C Ly

Ap + 2cos(A 0/4)}1

1 9 1
AC = e | eee———— 1+ 28in“(A T | = = [C
( lp)hdrag 8 | TApcos (Ac/dy sin®( 0/4)h Ap + 4cos(Ac/a)y 8 ( Do)h
Symbol Description Reference Magnitude
M Mach number Wind-tunnel test condition 0, 083
Bz, A ’ 1-M2cos® (A, e Equation (6, 1, 1-4) . 997
Ap Horizontal-tail agpect ratio Figure 3, 2-3 4.8
(A /4) Horizontal-tail sweep along quarter-chord Figure 3, 2-3 8
¢*h line, deg
Ap Horizontal-tail taper ratio Figure 3, 2-3 .515
"h Horizontal-tail gpan, in, Figure 3, 2-3 150, 0
dp Width of fuselage at horizontal tail, in, Figure 3, 2-3 12,0
9,
E .08
C Horizontal-tail C, with {C =0, rad | Figure 6, 1, 1-2 -.34
( lP)th=o 1, M (%pg), =0
Sy Horizontal-tail area, sq ft Figure 3, 2-2 32.5
Sy Reference wing area, sq ft Figure 3, 2-1 178.0
by Wing span, ft Figure 3,2-1 36.0
(CD ) Zero-lift drag of horizontal tail referred Table 4, 12, 1-2 of 0, 00843
/n to S, =32,58qft reference 1
cLh Horizontal-tail lift coefficient, referred Figure 4, 13, 3-1 of reference 1, function
g _ i
to S, =32,58q ft at _—h=1,0 of 8¢ and Dzh=ulb-e+5’7.3q—vh
qno
:13 Dynamic-pressure ratio at horizontal tail Table 5, 1, 2-1(b), i(ozb, T",)
qa, column 11
(ref. 1)
2\ dy a
Summary: (cl ) a -(0. 00376 + 0. 00009 Cy,. ) =2 ~-0,00376 =—
P/nt q q
«© °©
)
o :-Ik from table (Cl ) = -0.00376®
w5, 1,2-1(b) P/nf
(vef. 1)
4 ’
@y, Teo Te
de ! o [ o020 | 044 0 0.20 0.44
-4 | 1.0 | 1.087 1.203 -0.00376 [ -0,00409 | -0, 00452
-2 1,0 1,103 1,211 -, 00376 -, 00415 -, 00455
0| L0 | 1,117 | 1.222 | -0,00876 | -0,00420 | -0, 00459
2 Lo 1,122 1,232 -. 00376 ~, 00422 -. 00463
4 11,0 | 1,133 | 1,243 | -0,00376 | -0,00426 | -0, 00467
6 1.0 1,139 1,254 -. 00376 -, 00428 -, 00472
8 | 1.0 | 1,144 | 1,262 | ~-0.00376 | -0,00430 | -0.00475
10 Lo 1,142 1.268 -. 00376 -. 00429 -, 00477
12 | 1,0 | 1,186 | 1,276 | -0,00376 | -0,00427 | -0, 00480
13.8 1.0 1,128 1,281 -, 00376 -, 00424 -, 00482
14,1 | === | 1,122 1,281 | ———=emm- -0, 00422 | -0, 00482
14,4 | === | == 1.278 | ——mmmmem } e -, 00481




(%ts),

TABLE 6.1.3-1

VERTICAL-TAIL CONTRIBUTION TO Clp

A B C1 Co
r A N A ) ~ - ) o
z cos oy + 1 sin ap\[2(z, cos o, + 1, 8inoy)
= -57.3(cf, )(" b b> UG PO S = ABC, + ABC,
@/, w w 5 pby
2V
Symbol Description Reference Magnitude
(C]'-_‘ ) Effective lift-curve slope of vertical tail | Table 4, 5.1-1 0. 00464
Yy referenced to Sy = 178 sq ft, per deg
zy Vertical distance, parallel to Z-body Figure 3. 2-4 -45,9
axis, from center of gravity to tail
mean aerodynamic chord (positive
down), in,
lv Distance, parallel to X-body axis, from Figure 3. 2-4 164. 9
center of gravity to quarter chord of
vertical-tail mean aerodynamic chord
(positive back), in,
bw Wing span, in, Figure 3. 2-1 432
b Sidewash factor to account for effect of Reference 24 0.20
9 i) rolling wing on tail
2V
Summary: (Clp) = -0.5317(-0. 10625 cos o, + 0, 3817 sin ap,)2
v
-0.05317(-0. 10625 cos @y, + 0, 3817 sin ay)

O]l ® | ® ® ©, ® O, ®
: (c ) =
::g cos(D | sin@® -0.106252) | 0.3817® | @+ ® ® * -0.5317@| -0.053176) ® I;"@
-4 | 0.9976 | -0.0698 -0.10600 | -0,02664 | -0,13264 | 0.01758 | -0,00935 0. 00705 -0, 00230
-2 | .9994 | -.0349 -. 10619 -, 01832 | -.11951 | ,01428 § -, 00759 . 00635 -. 00124
o | 1. 0000 0 -0, 10625 o [ -0.10625 | 0,01129 | -0, 00600 0, 00565 -0, 00035
2| .9994 . 0349 -, 10619 . 01332 | -, 09287 00862 | -.00458 , 00494 . 00036
4] 0.9976 | o0.0698 -0, 10600 0,02664 | -0.07936 | 0.00630 | -0.00335 0. 00422 0. 00087
6| .9945 , 1045 -, 10567 .03989 | - 06578 | ,00433 | -,00230 , 00350 , 00120
8 | 0.9903 | o.1392 -0, 10522 0,05313 | -0.05209 | 0,00271 | -0,00144 0. 00277 0. 00133
10| .9848 . 1736 ~. 10464 . 06626 | -.03838 | .00147 | -.00078 . 00204 . 00126
12 | 0.9782 | o,2079 -0, 10393 0,07936 | -0,02457 | 0,00060 | -0.00032 0. 00131 0. 00099
13.8 | .9711 . 2385 -. 10318 .09104 | -, 01214 | .00015 | -.00008 . 00065 . 00057
14.1 | 0.9699 | 0.2436 -0. 10305 0.09298 [ -0.01007 | 0,00010 | -0.00005 0, 00054 0. 00049
14.4 | .9686 . 2487 -. 10291 ,09493 | - 00798 | 00006 | -.00003 . 00042 . 00039
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TABLE 6, 1.4-1

CONTRIBUTION OF NACELLES TO PROPELLER-OFF Clp

YT
c =-H&6@ ) C—
( lp)n La n\Pw
Symbol Description Reference Magnitude
yr Lateral distance from X-axis to thrust line, in, Figure 3, 2-1 69, 44
by Wing span, in, Figure 3,2-1 432
Lift-curve slope of two nacelles with Figure 6, 1,4-1 f(ap)

propellers off, per deg

(Clpkl=—2'96<CLa)

n

@

©

Figure 6, 1. 4-1

@, (CLa) (Cl ) = -2, 96Q)
deg n P/n
-4 0, 00160 -0, 00474
-2 . 00161 -, 00477
0 0, 00162 -0, 00480
2 . 00163 -. 00482
4 0. 00165 -0, 00488
6 . 00168 ~. 00497
8 0. 00174 -0, 00515
10 . 00179 -. 00530
Tg=0 12 0, 00184 -0, 00545
13,8 . 00196 -, 00580
§i§:§:§?id T, = 0,20 12 0. 00184 -0. 00545
stall regions 14,1 . 00197 -, 00583
ofwing for = ['p/ _ 0,44 | 12 0, 00184 -0, 00545
14,4 . 00198 -. 00586
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TABLE 6, 1, 5-1

EFFECT OF POWER ON WING CONTRIBUTION TO Clp

(Acl P)w(AE]+ep) ) (Acl P)w(Aa) " (Acl P)w(c p

2
-3 yr
=-37.3(2n) |(ACL /propeller + (AC / propeller (——)
[( o)y amy (*CLa)yie,y ™
Symbol Description Reference Magnitude
n Number of propellers | =—wemmmm———oeee 2
(ACL ) / Change in wing lift-curve slope due to Figure 6, 1, 5-1 f(ap, Té)
L7 power-induced increase in dynamic
pressure on wing area immersed in
propeller slipstream of one propeller
(ACL ) / Change in wing lift-curve slope due Figure 6.1, 5-1 f(ap, Té)
@ wiep) to power-induced downwash behind
the propeller acting on immersed
propeller area
yr Distance parallel to Y-axis from Figure 3,2-1 69, 44
X-body axis to thrust centerline, in,
by Wing span, in, Figure 3, 2-1 432
Summary: (AC =-5.92[(ACy, _/propeller + (ACy, / propeller
(““Zo)wiageep [( o)y(ag) ( “)wep)
© ® ® ® ® ®
—— Figure 6, 1, 5-1 Figure 6.1.5-1 Equation (6. 1, 5-1) Equation (6. 1, 5-1) Equation (6. 1, 5-1)
acy, / propeller AC / propeller ac; _ =-5920 ACy =-5.92Q) AC =@+ 0O
( a)w(Aﬁ) ( Lg )w(€ ? ( P)W(Aq) ( p)w(g o ( lp)w(AE;+ep)
@,
deg
’
7 % x x x
0.10/ 0.22/ 0,10/ 0.22/
0 | oropeller | propeller [ propeller | propetler | ° 0.20 0,44 0 0.20 0,44 0 0.20 0.44
-4 0 0, 0077 0,0160 -0, 0002 -0, 0045 -0, 0096 0 -0, 04558 -0, 09472 0,00118 0, 02664 0, 05683 0,00118 -0,01894 -0. 03789
-2 0 . 0076 . 0145 -, 0002 -, 0043 -, 0092 0 -, 04499 -, 08584 , 00118 . 02546 . 05446 ,00118 -, 01853 -, 03138
0 0 0, 0069 0, 0137 -0, 0002 -0, 0041 -0, 0089 0 -0, 04085 -0, 08110 0, 00118 0, 02427 0, 05269 0,00118 -0, 01658 -0, 02841
2 0 . 0065 . 0133 -, 0002 -, 0039 -, 0084 0 -, 03848 -, 07874 . 00118 . 02309 . 04973 , 00118 -. 01539 -, 02901
4 0 0, 0058 0,0122 -0, 0002 -0, 0037 ~0. 0080 0 -0, 03434 -0, 07222 0,00118 0, 02190 0.04736 0,00118 -0, 01244 -0, 02486
6 0 . 0050 . 0109 -, 0002 -, 0033 -, 0074 0 -, 02960 -, 06453 . 00118 . 01954 , 04381 , 00118 -, 01006 -, 02072
8 0 0, 0042 0,0094 -0, 0002 -0, 0029 -0, 0065 0 -0, 02486 -0. 05565 0,00118 0.01717 0,03848 0,00118 -0. 00769 -0,01717
10 0 . 0028 . 0072 ~ 0 -, 0023 -, 0056 0 -, 01658 ~, 04262 ~ 0 . 01362 , 03315 ~ 0 -, 00296 -, 00947
12 0 0. 0006 0. 0036 0. 0002 -0, 0014 -0, 0044 0 -0, 00355 -0, 02131 | -0, 00118 0, 00083 0, 02605 | -0.00118 -0, 00272 0, 00474
13.8 0 -, 0024 -, 0023 . 0004 N O -, 0021 0 L, 01421 . 01362 -, 00237 -0 , 01243 -, 00287 , 01421 , 02605
14.1 - -0, 0061 -0, 0067 =0 -0, 0020 - 0. 03611 0, 03966 | —~-~———- ~0 0,01184 | ~--=——-~ 0, 03611 0. 05150
14.4 - -, 0117 | ==mmeem | ommmeme ~ -, 0020 - m———— . 06926 } ~m—mmmmm | eme———e ~,01184 | -=====em | —mmmem—- . 08110
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TABLE 86, 1, 5-2

CONTRIBUTION OF PROPELLER NORMAL FORCES TO Clp

2
YT
AC =-114,6 (C =
( lP)Np ( LO‘)N (bw>
P
Symbol Description Reference Magnitude
YT Lateral distance from X-axis to thrust line, in, Figure 3, 2-1 69. 44
by Wing span, in, Figure 3, 2-1 432
(CL ) Lift-curve slope of normal forces of two pro- Figure 6, 1, 5-2 f(ap)
@ Np pellers, deg
(A¢; =-2.96(Cr, )
P (o'
) Np Np
-—- Figure 6.1.5-2 = = | ==eemcmmeeeeee
c , per de Ac =-2,96®, per rad
o
b
7 ’
deg Tc T,
0 0.20 0.44 0 0.20 0.44
-4 | 0.00063 | 0.00091 } 0.00111 | -0.00186 | -0.00269 | -0,00329
-2 00063 . 00091 . 00111 -. 00186 -. 00269 -. 00329
0 0. 00063 0. 00091 0.00111 -0. 00186 -0. 00269 -0, 00329
2 00061 . 00091 . 00111 -. 00181 ~. 00269 -. 00329
4 0. 00061 0. 00087 0. 00111 -0, 00181 -0. 00258 -0. 00329
6 00060 . 00087 . 00108 -.00178 -. 00258 -. 00320
8 0. 00060 0. 00087 0. 00106 -0.00178 -0, 00258 -0. 00314
10 00058 . 00085 . 00104 -, 00172 -, 00252 -. 00308
12 | 0.00058 | 0,00084 | 0,00108 | -0.00172 | -0.00249 | -0.00305
13.8 00058 . 00084 . 00102 -. 00172 -. 00249 -. 00302
14,1 | -----—- 0,00084 | 0,00096 | -——-=——- -0.00249 | -0.00284
14,4 | —~—=-~- | ——-——-- . 00096 - -. 00284
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TABLE 6. 1. 5-3
POWER-INDUCED CHANGE IN NACELLE CONTRIBUTION TO Clp

Be

P
- Yoo -
R R o v g O W
p, n(Ag+ep) niq. 1- €y q,
Ay,
(a)
Symbol Description Reference Magnitude
(Clp) Contribution of two nacelles to Clp' propellers off Table 6.1.4-1 f(op)
n
é—q Change in dynamic-pressure ratic behind propeller Table 5.1, 1-2(a)-2 f(Té/ propeller;
I (ref. 1)
de
m Rate of change of propeller downwash with Table 5. 1. 1-2(a)-2 f(Té/ propeller
P propeller angle of attack (ref. 1)
Bey
oo Upwash gradient of propeller Table 5. 1. 1-1(b) -0. 195
W (ref. 1)
7
To/ a 3 8 ®
’ c Aq €p €y
Te =| @-|—ja+ ¢
propeller i Sap Jatyy - ® ©) ( lp)n
@2
0 0 0 | 0.0234 |-0,195 (Acl ) . =-0,0196 (Cl )
P/n(ag+ep) P/n
.20 .10 . 6295 . 1987 - 195 (ACZ ) _ = 0. 3586(Cl )
P, n(Aq+ep) P/n
.4 .22 1,385 .2896 | -.195 (Acl ) = 0. 8070(Cl )
P/n(AG+e p) P/n
(b)
@ ® ®
-— Table 6, 1, 4-1 (® of table 6, 1, 5-3(a)
AC _ =k
( lp)n(AQ"'ep)
’
s (Clp) Te
deg n 0 l 0,20 I 0,44
k
- 0. 0196 0, 3586 0, 8070
-4 -0, 00474 0, 00009 -0, 00170 -0, 00383
-2 -. 00477 . 00009 -, 00171 -, 00385
0 -0, 00480 0, 00009 -0, 00172 -0, 00387
2 -. 00482 . 00009 -, 00173 -, 00389
4 -0, 00488 0, 00010 | -0,00175 | ~0, 00394
6 -, 00497 . 00010 -. 00178 -, 00401
8 -0, 00515 0,00010 | -0,00185 | -0,00416
10 -, 00530 . 00010 -, 00190 -, 00428
12 -0, 00545 0, 00011 -0, 00195 -0, 00440
13.8 -, 00580 . 00011 -. 00208 -, 00468
14,1 -0, 00583 -0, 00209 -0, 00470
14.4 -, 00586 | ---==== | - -, 00473
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TABLE 6. 1, 6-1

SUMMARY OF CONTRIBUTIONS TO Clp

170

Ci,=(C1 + (Cy +(C1)) + (G + (aC; + (AC + (acy _
P ( p)wf ( P)hf ( p)v ( p)"prop ( p)W(AEJ"'Ep) ( lP)Np ( p)n(Aq+€p)
off
----- Table 6, 1, 1-1 and Table 6, 1,2~1 Table 6,1, 3-1 Table 6. 1, 4-1 Table 6, 1, 5-1
figure 6, 1, 1-4
(ACl ) _
(Cl ) b w(Aq+ep)
1) Phe (%)
oy, P/wt P/, (cl >
deg P D prop ,
T¢ off Te
q
Propellers off 0 0.20 0.44 < =10 0 0.20 0,44
3.
-4 -0, 4622 -0,0038 | -0,0041 | -0, 0045 -0, 00230 -0, 0047 0,0012 | -0,0189 | -0,0379
-2 -, 4623 -. 0038 -, 0042 -. 0046 -, 00124 -. 0048 L0012 -, 0195 -.0314
0 -0, 4626 -0.0038 | -0,0042 | -0,0046 -0. 00035 ~0, 0048 0,0012 | -0,0166 | -0,0284
2 -, 4632 -.0038 -. 0042 -. 0046 . 00036 -. 0048 0012 -. 0154 -. 0290
4 ~0, 4640 ~0,0038 I -0,0043 | -0.0047 0, 00087 -0, 0049 0.0012 | -0,0124 | -0, 0249
6 -. 4650 -.0038 -, 0043 -. 0047 . 00120 -. 0050 L0012 -. 0101 -, 0207
8 -0, 4662 ~0,0038 | -0.0043 | -0.0048 0, 00133 -0, 0052 0.0012 | -0,0077 | -0, 0172
10 -, 4677 -.0038 -, 0043 -. 0048 . 00126 -. 0053 ~0 -. 0030 -. 0095
7
Tc
(a)
0 0,20 0,44
12 1-0,4172 | -0,4330 | -0,4425 | -0.0038 | -0.0043 | -0.0048 0. 00099 -0, 0054 -0.0012 | -0, 0027 0, 0047
b13. 8 -. 0094 -. 2300 -.3230 -.0038 -. 0042 -, 0048 , 00057 -. 0058 -, 0024 L0142 . 0261
14,1 | --—-m- -0.0096 | -0.2450 | -—-—-~- ~0.0042 | -0, 0048 0, 00049 -0.0058 | ——meeee 0. 0361 0, 0515
di4,4 ) oo | o - 0099 | e | oo ~. 0048 . 00039 0059  Jo—eeen | L0811
—— Table 6, 1,5-2 Table 6,1, 5-3
ac ) (Acl cy = to
(2 N, p)n(Aa+sp) =20
&y,
deg , ,
s
Te Te P
0 0,20 0,44 0 0.20 0,44 ] 0,20 0, 44
-4 | -0.0019 } -0,0027 | -0,0053 | 0,0001 | -0.0017 |-0.0038 | -0.4736 -0.4966 1 -0.5187
-2 -, 0019 -. 0027 -, 0033 . 0001 -, 0017 -, 0088 -. 4724 -, 4964 -.5114
0 1 -0.0019 | -0,0027 | -0,0033 | 0,0001 | -0,0017 [-0,0039 | -o,4722 -0,4930 | -0, 5080
2 -, 0018 -. 0027 -, 0033 . 0001 - 0017 -. 0039 -, 4719 -, 4916 -. 5084
4 -0, 0018 -0, 0026 -0. 0033 0, 0001 -0, 0018 -0, 0039 -0, 4723 -0, 4895 -0, 5048
6 -, 0018 -, 0026 ~, 0032 . 0001 -, 0018 -, 0040 -, 4731 -. 4876 -, 5014
8 -0, 0018 -0. 0026 -0, 0031 0, 0001 -0, 0018 -0.0042 -0.4744 -0, 4865 -0, 4994
10 -, 0017 -.0025 -. 0031 . 0001 -, 0019 -, 0043 - 4771 -, 4834 -. 4934
12 -0, 0017 ~0. 0025 ~0, 0031 0, 0001 -0, 0020 ~0. 0044 -0, 4282 -0, 4489 -0, 4545
b13,8 -, 0017 -, 0025 -, 0030 . 0001 -, 0021 -, 0047 -, 0224 —, 2298 -, 3146
€141 | ———mmm- -0.0025 | -0,0028 | —-eoc -0.0021 | -0, 0047 -0,0124 | -0.2111
N O R [ -, 0028 | —mmmee ——— = 0047 | —mmemee | comeee . 0534

8Values for propellers-off (Cl ) in stalling regions for the power conditions listed (obtained from fig. 6.1.14).
P/t

b

< 45tail angles for T

¢ = 0,0.20, and 0.44, respectively.
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.028 7

.024 a

.020 /

.016 /

o2 /

. 008 /

w |/

-

- 008, 0 A 8 12 16

ay, deg

Figure 6. 1.4-1. Variation in lift of two nacelles of subject airplane with angle
of attack (from columns 5 and 6, table 4,4-1, ref. 1). Propellers off; referred
to Sy = 178 sq ft.
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(ACL)W(AG) from table 5.1.1-2(a)-3 (ref, 1)

—_- —(ACL>W(ED) from table 5.1.1-2(b)-2 (ref, 1)

.20

T¢Ipropeller

ﬁZ\
.16

12 74

(ACL>W(Ad) Ipropeller i / S
L~

/ 0.10

N 0
0 = = —_
N - 5
\ ~__
N \.\
-.04
. 0.10
A I
( CL)W (Agp)/prope er \\
’08 = \\
T —
0.22
-2y 0 4 8 12 16

ap, deg

Figure 6.1.5-1. Variation in incremental lift per propeller due to power-induced
increase in dynamic pressure and downwash behind propeller on portion of wing
immersed in propeller slipstream (from ref. 1), Based on Sy = 178 sq ft,
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.016

Tc
0.44

.014

.012

.010

.008

CO\ o0

.004

/

.002

-. 002 /

4

8
ap, deg

12

16

Figure 6. 1. 5-2. Variation in lift with angle of attack of propeller normal forces
of subject airplane; for two propellers (from column 6, table 5. 1. 1-1(c), ref. 1).

Referred to Sy = 178 sq ft.
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6.2 Damping-in-Yaw Derivative, Cnr

The vertical tail is the prime contributor to the damping-in-yaw derivative, Cnp.

The wing contribution, although much smaller, is not necessarily negligible. The
fuselage contribution is normally negligible for the wing-fuselage geometric proportions
of general-aviation airplanes. However, the fuselage contribution could be important
if the fuselage is large relative to the wing (ref. 15). The influence of power on Cp,

could be significant, but may be difficult to assess in the absence of general design pro-
cedure.

The following discussion considers the contributions of the wing, fuselage, vertical
tail, and power effects on the damping-in-yaw derivative. On this basis, the damping-
in-yaw derivative of the airplane is represented by

Cnr = (Cnr)w + (Cnr)f + (Cnr)v + (Acnr)power (6 2“1)
6.2.1 Wing Contribution to C"r

Wing contributions to Cp, are due to asymmetric lift and drag distributions over
the wing resulting from yawing velocity. Normally the calculations for Cp, due to the

wing are based on low-speed incompressible flow conditions, No comprehensive methods
have been developed to account for compressibility effects in the subsonic and transonic
regions. One procedure for obtaining the wing contribution to Cnr is to use the

following incompressible flow equation from reference 4, in which the profile-drag
coefficient is evaluated for the desired Mach number:

(Cnr)l (Acnl')z
C = B — 2 —— C oM, 1=
( nr)w c. 2 CL’W + (CDO)W ( DO)W (6.2.1-1)
. ) . (Cnr)1 . .
In this equation the first term, ————-5- , may be considered to be a result of the lift and
C
Ly

induced forces resulting from the yawing of the isolated wing about its aerodynamic
center plus an increment correction for displacement of the aerodynamic center from
the yawing center (center of gravity) of the airplane, It does not include the effects of
unsymmetrical spanwise distribution of profile drag, which is accounted for by the

(AC nr>2

(CDO)W

When the wing aerodynamic center and the airplane center of gravity coinéide, the

term in the equation.
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(©ns),

CLWZ’

(Cnl‘)l _ 3 4CosAg/y N Ay tan2Ac/4 9cos Ac/y (tan4Ac/4) (Cnr)l
c, 2 R Ay + dcosAg/gy  2C0SAc/4 12 T Ay + dcosAg/g N 12 C, 2 (6.2, 1-2)
bw Iz bwis =0
X=0 c/4

first term, is obtained from the following equation (from ref, 4):

This equation is plotted as a function of wing aspect ratio, Ay, taper ratio, Ay, and
sweep angle of the quarter-chord line, Ae/4s in figure 6, 2, 1-1,

When the wing aerodynamic center and the airplane center of gravity do not coincide,
the following increment should be added to equation (6. 2, 1-2):

EW
c/4

AC
( “r)l Vs 4cos Ac/4 . Ay i tan Ag /4 . 9cosAc/4 . X 2 tan?A o4 (Cnr)l 6.9 1-3
CLW2 2\ Ay +4coshc/y  2C08Ac/4 ) Bw  Aw Ay + 4cosAg/g Ayl CLWQ A =0( + Se LT )

where

X is the distance parallel to the wing mean aerodynamic chord from the center of
gravity to the wing aerodynamic center

¢, is the wing mean aerodynamic chord

(Cnr)l
Cy 2
Ac/4=0

the quarter-chord line, obtained from figure 6. 2, 1-1 as a function of the wing aspect
ratio and taper ratio for Ag/4 = 0

is the wing damping-in-yaw parameter for zero sweep angle of

(ACnr)l
cr, 2
vz
It decreases with increasing aspect ratio. For the subject airplane, the term is insig-

nificant, as will be shown,

The significance of increases with increasing distance and sweep angle.

The effect of unsymmetrical spanwise distribution of profile drag on yawing moment
due to yaw, accounted for by the second term in equation (6. 2, 1-1), is approximated by
assuming the profile drag to be constant over the wing surface, As a result of this

(ACn,)
. r/2 . . .
assumption, CDO 3 becomes a function of wing geometry only, as shown in
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figure 6, 2, 1-2, which is reproduced from reference 4, The profile drag of the wing

itself, (CDO) , in equation (6, 2, 1-1) is obtained from section 4, 12, 1 of reference 1 or
w

from table 6, 1. 1-1 of this report for the subject airplane,

The contribution of the wing can now be represented by

AC

2 || Car), (Acnr)1 ( nr)z

C =C — + (C 6.2, 1-4
( nr)w tw CLW2 §=0+ CLWZ X ( DO)W (CDij ( )

The degree of accuracy which can be expected from this equation can be inferred from
figure 6. 2, 1-3 (from ref, 25) which compares calculated values of (Cnr) with wind-
w

tunnel data as functions of angle of attack for three aspect ratios and three sweep angles
at a taper ratio of 1.0, At zero sweep, the correlation is good through the linear lift
range. The lift range for good correlation decreases with increasing sweep,

The calculated Cp . contribution of the subject airplane wing is given in table

6.2, 1~1 as a function of angle of attack, The — term is similar to zero in

°L,” |
X

this instance,

0.2.2 Fuselage Contribution to C,
r

As mentioned, the fuselage contribution to Cnr could be important if the fuselage

is large relative to the wing, Fuselages with flat sides or flattened cross sections with
the major axis vertical may also make important contributions to Cnr’ especially at

high angle of attack (ref. 15), On the other hand, fuselages with flattened cross sections
with the major axis horizontal can have negative damping in yaw at moderate or high
angles of attack, Systematic design data correlating the effects of fuselage and wing-
fuselage geometry on Cnr do not appear to be available,

For the subject airplane and on the basis of reference 26, which contains wind-
tunnel data for a configuration which approximates the subject airplane (model 4 in the
reference),

(Cnr)f ~ -0, 002 per rad
0.2.3 Vertical-Tail Contribution to C,
r

Because the vertical tail is the primary contributor to the damping-in-yaw deriva-
tive, Cp,., particular attention should be given to the sidewash due to yaw rate,
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by

2v

to be available to obtain this sidewash factor as a function of wing-fuselage-tail geometry.

, to which the vertical tail will be subjected, No general design procedures appear

Reference 27 shows that on a midwing model tested at steady yaw-rate conditions
with the wings off, the fuselage sidewash effects were the probable cause of a large
increase in damping in yaw of the vertical tail with increase in angle of attack, Addition
of a midwing resulted in little variation with angle of attack of the tail contribution to
Cnp indicating a wing interference which approximately canceled the fuselage sidewash

effects. This relative independence of the vertical tail of the midwing model from

apparent sidewash effects due to yaw rate, 9g

rb
o

2V

~ 0, has been observed on a number

of other models.

On the assumption that wing effects approximately cancel the fuselage sidewash
effects on the vertical tail, the following equation was used to obtain the vertical-tail
contribution to Cnr:

L, cos o -z sin cub>

(One), =180 (ck,,) (2520

\4

(6.2.3-1)
/
where (CLa> , Ly, and z; are as defined in section 6. 1. 3.
v

The calculations for the vertical-tail contribution to Cp,. of the subject airplane

are summarized in table 6, 2, 3-1,

6.2.4 Power Contributions to C, and Summary
r

Systematic procedures to account for power effects on Cp,. are not available.
Consequently, it is necessary to find Cnr data for powered models similar to the

airplane being analyzed. Such data are scarce,

Power effects on the Cp r of the subject airplane were estimated by using data

from reference 26 for a powered, two-engine model similar to the subject airplane. A
geometric comparison of the reference model and the subject airplane is included in
figure 6. 2, 4-1, which shows the variation of Clrlr of the reference model with

Te = _lvhg_;lft_z at C1,=0,7. Superimposed on the plot are the subject airplane thrust
PY=Lp
/
coefficients, T¢ = Tflruss‘; , used in the analysis,
q
o0
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In using the reference model data to obtain an estimate of power effects on the Cnr

of the subject airplane, it was assumed for a first order of approximation that:

(1) The variation of Cp,. of the reference model with power at C; =0.7 was

representative of the variation at other lift coefficients in the linear lift range.

(2) The Cnr with the propeller off was similar to Cnr at zero thrust.

(3) The proportionality relationship in equation (6. 2. 4-1) between the reference
twin-engine model and the subject airplane was qualitatively valid.

C, = (Cnr)Té C 6.2,4-1
fr chr)T’=0 ( nr)prop (6240
¢ reference off
model

The estimated power effects on Cnr of the subject airplane are summarized in

table 6, 2, 4-1, which also summarizes the contributions of the wing, body, and vertical
tail to the derivative, The results show the vertical tail to be the major contributor to
Cnr. The wing contribution is negligible at zero lift but not at high lift. The power

effects are small in the normal operating range of the airplane (Té < 0.,1) and moderate
at the extreme thrust condition (T = 0, 44).

The calculated damping-in-yaw derivative, Cnr, is plotted in figure 6, 2, 4-2 as a

function of angle of attack and thrust coefficient, Lack of appropriate wind-tunnel data
precludes comparison, Comparisons with flight data are made in section 6, 5,

6.2.5 Symbols
Ay wing aspect ratio

acy aerodynamic center of the wing as a fraction of the wing
mean aerodynamic chord

by wing span, in,

(CD > zero-lift drag coefficient of the wing
0/

Cy, lift coefficient

C wing-lift coefficient

Ly g

(C£ ) effective lift-curve slope of the vertical tail, based on

%y the wing area, per deg
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reference
model

yawing-moment coefficient
9Cp

damping-in-yaw derivative, , per rad

I'Dw
2V

fuselage contribution to Cp,. for propeller-off conditions

airplane Cnr for propeller-off conditions

airplane Cnr at zero and non-zero propeller-thrust

conditions, respectively

correction factor for the propeller-off Cnr to account
for the power effects on Cnr’ based on wind-tunnel
data for a powered model similar to the subject air-
plane

vertical-tail contribution to Cp,. for propeller-off
conditions

wing contribution to Cnr for propeller-off conditions

contribution to Cp,. as a ratio of Cszs due to the lift

and induced forces of the wing, resulting from the
yawing of the wing about the airplane center of gravity
(does not include the effects of the unsymmetrical
spanwise distribution of the profile drag)

contribution to Cnr as a ratio of Csz’ due to the lift

and induced forces of a wing, with sweep of the quarter-
chord line, when the wing aerodynamic center and
airplane center of gravity coincide longitudinally

contribution to Cnr as a ratio of Csz, due to the lift

and induced forces of a wing with zero sweep of the
quarter-chord line, when the wing aerodynamic center
and airplane center of gravity coincide longitudinally



(ACnr )power

(ACn,),

Wi

(Acnr)z

X

contribution of power effects to Cnr

increment correction for the displacement of the wing
aerodynamic center from the center of gravity to be

C C
applied to (—n—r)l to obtain (—fi
Ccy 2 cp 2
L, |_ . Ly
x=

contribution to Cnr as a ratio of (CD 0) , due to the
w

effects of the unsymmetrigal spanwise distribution of
the wing profile drag during yawing

wing mean aerodynamic chord, in,
propeller diameter, ft

distance, parallel to the X-body axis, from the center
of gravity to the quarter chord of the vertical-tail
mean aerodynamic chord, in,

free-stream dynamic pressure, 1b/sq ft

yaw rate, rad/sec

wing area, sq ft

thrust of the propellers, lb

time, sec
airspeed, ft/sec
distance parallel to the wing mean aerodynamic chord

from the center of gravity to the wing aerodynamic
center, in,
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distance parallel to the Z-body axis from the center of
gravity to the vertical-tail mean aerodynamic chord,
in,

airplane angle of attack relative to the X-body axis, deg

sweep of the wing quarter-chord line, deg

wing taper ratio

mass density of the air, slugs/cu ft

rate of change of the sidewash on the vertical tail

rbyy,
induced by the yaw rate, r, with ——
2V



TABLE 6.2, 1-1

WING CONTRIBUTION TO Cp,.

C
( nr)1 (ACnr)l , (Acn,),
(Cnr) = Y A R Cp =+ T (CD >
w Cy, 2 o 2 w ( D, ’ 0/w
W X= ‘W z A
Symbol Description Reference Magnitude
Ay Wing aspect ratio Figure 3,2-1 7.5
Aw Wing taper ratio Figure 3, 2-1 .513
Ac/a Sweep of wing quarter-chord line, deg Figure 3,2-1 -2.5
acy, Wing aerodynamic center Figure 3.2-1 25¢C
X ;
- acy, - center of gravity | e .15
Cw
w
F(Cn ) -
r
1
_— f(AW,AW,Ac/4) Figure 6.2, 1-1 -0.017
CLWZ _ or equation (6.2, 1-2)
L R=
—(Cn ) -
r/
o2 f(Aw, Ay) With Ag g =0 Figure 6,2. 1-1 -0.017
Ly
- “Ae/q=0
'(Acn )
r/y -
X :
oz f<Aw~)\W« Ac/q- g) Equation (6, 2, 1-3) -. 00009
B S
AC,
(4n) 2 .
C f[Aw =—.A¢/a TFigure 6.2, 1-2 -0.30
( DO)W Cw
CL“ Lift coefficient of wing referenced to S, = 178 sq ft | Figure 4,1, 1-1 (o)
(CD ) Profile drag coefficient of wing referenced to Table 6,1, 1-1 0.0099
0/w Sw = 178 sq ft

Summary: (Cnr)w =

-0.017¢; % -0.0030
W

O, ® ® ® ®
-— Figure 4. 1. 1-1 --
AR
® - 0.0030
~4 0 0 0 -0. 0030
-2 . 145 . 0210 -. 0004 -. 0034
0 0,292 0. 0853 -0. 0015 -0. 0045
2 . 437 . 1910 -, 0032 -. 0062
4 0. 584 0.3411 -0, 0058 -0, 0088
6 . 730 . 5329 -, 0091 -, 0121
8 0.875 0.7656 -0.0130 -0,0160
10 1. 023 1, 0465 -, 0178 -. 0208
12 1. 160 1. 3456 -0. 0229 -0, 0259
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TABLE 6, 2, 3-1

VERTICAL-TAIL CONTRIBUTION TO Cnr

l cosa, -z sina,\2
(Cny) =—114.6(C£ ) <" b_ v b
r v o v bW
Symbol Description Reference Magnitude
’
(CL > Effective lift~curve slope of vertical tail, referred Table 4, 5, 1-1 0. 00464
A/y to Sy = 178 sq ft, per deg
Ly, Distance, parallel to X-body axis from center of Figure 3.2-4 164. 9
gravity to quarter chord of vertical-tail mean
aerodynamic chord, positive back, in,
zy, Vertical distance parallel to Z-body axis from Figure 3. 2-4 -45. 9
center of gravity to tail mean aerodynamic
chord, positive down, in,
by Wing span, in, Figure 3, 2-1 432
Summary: (Cnr) = -0, 5317 (0, 382 cos @}, + 0, 106 sin a'b)z
v
C =
ay,, ) 2 ( nr)v
deg cos D | sin@D 0.382(2) 0.106(3) (@ + @) ~0.5317®)
-4 0. 9976 -0. 0698 0. 3811 -0, 0074 0. 1396 -0, 0742
-2 . 9994 -, 0349 . 3818 -, 0037 . 1430 -. 0760
0 1.000 0 0, 3820 0 0. 1459 -0.0776
2 . 9994 . 0349 . 3818 . 0037 . 1486 ~. 0790
4 0.9976 0, 0698 0. 3811 0. 0074 0,1509 ~0, 0802
6 . 9945 . 1045 . 3799 . 0111 . 1529 -. 0813
8 0. 9903 0, 1392 0.3783 0.0148 0. 1545 -0, 0822
10 . 9848 . 1736 . 3762 . 0184 . 1557 -. 0828
12 0.9782 0,2079 0.3737 0. 0220 0. 1566 -0, 0833
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<Cnf>1
2
Wolg=0 -1
_.2
1
(C”r>1 :
U x=0- 1
-2
1
el
CLWZ x=0 -.1
-2
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Figure 6. 2, 1-1.

Ncja,

deg
™ £60
- +50
] 40
T B
1= 0
v Ay = 1.0
/
\
= +60
a £50
] ;é \L 0
yy Ay = 0.50
7
\\
~ +60
o150
A s
] — 0
1;;;" My = 0.25
1 2 4 3
AW

Chart (from ref. 15) for estimating the portion of the wing
contribution to Cp, due to the lift and induced forces resulting from yawing

of the wing about its aerodynamic center (X =0) in subsonic incompressible

flow on the basis of the method of reference 4.



X =0 Ay, deg
cW
0
".4 ,/
(ACny), 20
(CDO)W —1 50
-.8
60
-1.2
0 -
X =02
Cw 0
- 4 ,4/_
(ACny), p= 20
(CDO)W . | 50
— 60
1.2
0 -
X =04
Cw 0
-4 e —
(4Cnr), P 20
v
C 50
(Coo), s ]
60
-1.2
0 1 2 3 4 5 6 7 8
Aw

Figure 6.2.1-2, Chart for estimating approximate values of increment of yawing
moment due to the yawing resulting from wing profile drag (from ref, 4). Taper
ratios of 0.5 to 1.0,
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6.3 Roll-Due-to-Yawing Derivative, Clr
The wing and vertical tail are the only surface components that make significant
contributions to the rolling-moment-due-to-yawing derivative, C Iy and thus are the
only components considered in this section, An estimate of the effect of power on Clr

is included., On this basis, the C .. of the airplane is represented by
r

(), (), (),

6.3.1 Wing Contribution to Cl
r

For low speeds, the wing contribution to C 7. may be approximated from
r

C; ACZ
r r r
C = C + \—— ) == (6.3.1-1)
L ) C Ly, < r > 57.3
( /W M=o Ly /r=M=0
where
C
T z is the low-speed wing contribution to Clr in the absence of the
Ly

I'=M=0

dihedral angle and when the center of gravity is at the same vertical height as the aero-
dynamic center of the wing mean aerodynamic chord

ACy
< T r) is the increment of Cy . due to the dihedral angle
Clr
The first term of equation (6. 3, 1-1), ror , has been particularly trouble-
W/ r=M=0

some to determine, In reference 4 theoretical relations were developed which appear

to work well for unswept wings with aspect ratios greater than approximately 3,0, As
shown in reference 25, however, correlation deteriorates as the sweep angle of the
quarter-chord line increases, In reference 3, on the basis of theoretical work by

W, J. Pinsker of the Royal Aircraft Establishment and experimental data from references

C

ly
CLw
Although the nomograph, shown in figure 6, 3, 1-1, provides good correlation with wind-
tunnel data through the linear lift range when the sweep is zero, the lift range for

25 and 28 a nomograph procedure for determining ( ) was developed,
'=M=0
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correlation decreases with increasing sweep in a manner similar to that shown for Cy
in figure 6.2, 1-3.
Clr
Compressibility effects on the low-speed values of 1 are accounted for
w /T =0

by the following equation from reference 5:

Ay (1- 32)2 AyBg + 2cos Ag/g tan? Ae/a
+

1+
(Czr ) | BBy v 2eosho)  \RwBa *Heosho/a/\ F (Czr ) (6.3.1-2)
=0 r'=M=0

L+ Awt2cosiesy (tan2/\c/4> CLy
8

Ay + 4CcOS Ag/a

where

By = \[1 - MzcoszAc/4

Clr

C
w / p=p=o

is obtained from figure 6, 3. 1-1

The increment contribution to Cl due to wing dihedral is approximated by the
r

following equation from reference 29:

AC _ ACZr r o1 TAwsin Ag/4 r s
( ll')p - r 57.3 12 Aw+4cosAc/4 57.3 (6. 3. 1-3)

Two additional contributions to Clr’ due to the wing, have not been accounted for

because the basic effects of sweep on these contributions are not known to a reasonable
degree of accuracy and because the contributions are generally small, The contributions
consist of:

(1) The increment of Clr due to the fore and aft movement of the center of gravity
relative to the aerodynamic center of the wing mean aerodynamic chord (for zero sweep

the contribution is zero)

(2) The increment of Clr due to ( CYr) when the center of gravity is not at the
\U

same vertical height as the aerodynamic center of the wing mean aerodynamie chord
(for zero sweep, the contribution is zero)

The contribution of the wing to the C Iy of the subject airplane is summarized in
table 6. 3. 1~1,

196



6.3.2 Vertical-Tail Contribution to Cl
r

In considering the contribution of the vertical tail to Cpn, in section 6,2, 3, it was
indicated that in the model data the effects of sidewash on the vertical tail due to yaw
rate, a—gb—, were negligible for common airplane configurations, If these sidewash

W
57

effects are excluded, the contribution of the vertical tail to Clr can be obtained from

, zy, cos oy + L sinay lvcos @y, - zy sin )
(Clr)v = -114, 6<CL0‘>V< by By (6.3.2-1)

The calculations for the vertical-tail contribution to C 1. of the subject airplane are
r

summarized in table 6, 3. 2-1,

6.3.3 Power Contributions to Cl
r

Power effects on the Clr contribution of the single vertical tail of the twin-engine

airplane are negligible and are not included in the calculations. The power effects on
the contribution of the wing to Cg r are also negligible, as is shown in the following

discussion,

The propeller slipstream has some effect on the contribution of the wing to Cz,. as

a result of the lateral displacement of this slipstream caused by yawing, The change
in lift of the portion of the wing immersed in the propeller slipstream coupled with the
lateral displacement of the immersed area due to yawing flight produces a yaw-induced
roll. An equation that takes this effect into account can be developed as follows:

Center of S : : ; .
gravity \e Consider the lift due to the increase in dynam-
— ic pressure and propeller-induced downwash
v on the immersed portion of the wing per pro-
. peller to be (AC7y) w( Aq)/ propeller and

; from a figure like fig, 6. 1, 5-1). Assume the

1 curvature of the propeller slipstream to be

— the same as the instantaneous radius of cur-

r vature of the yawing airplane flight path, (See
sketch,) Also assume the lateral displace-
ment of the propeller slipstream at the aero-
dynamic center of the mean aerodynamic
chord of the immersed portion of the wing to

) /propeller, respectively (obtained
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be similar to the displacement at the radial to the center of gravity,

From the preceding discussion and sketch, it is apparent that the increment of roll
due to the two immersed wing areas is approximated by

Rl -R 1 Cos AZ!)
AC ~ 2/(AC1) -./propeller + (AC1) /propeller
( Z)power w(aq) Wiep Pw

e

(6. 3.3-1)

=2 (ACL)W ( Aa)/propeller + (ACy) (ep)/propeller] (E—\-i)a - cos Ay)

L

However, for small angles,

2
cos Ay~ 1 - (ay)” (6. 3, 3-2)
Hence,

Ry 9
AC ~{(AC _./propeller + (AC / ller|:— (A 6. 3. 3-
( Z)power [( L)y(ag) Propeller + (ACL)y(c /prope er]bw( $)(6. 3. 3-3)

Since

o~

Ap~ =2 and Ry =

Rl

then

2
l rb
~ bl o0 Il _
(ACZ )pow or 2|EACL)W( Aﬁ)/ propeller + (AC L)W(Aep)/ propeller] <bw) 57 (6.3.3-4)

from which

2
l
p
(Aclr)power " ZIEAC L)W(Aa)/p ropeller + (ACL)y p)/ propellex}(gv;.) (6. 3. 3-5)

The calculations for the effects of power on the wing contribution to C; r of the

subject airplane are summarized in table 6. 3.3-1. Comparison with the propeller-off
wing contribution (table 6, 3. 1-1) shows the power effects to be negligible.

6.3.4 Summary of Contributions to Cp
r

The contributions to Clr of the subject airplane are summarized in table 6. 3, 4-1,
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The effect of power on the Clr of the subject airplane is negligible. The vertical tail

contributes a significant percentage of the net Cz,. at low angles of attack. However,

as the contribution of the wing increases with increasing angle of attack, the contribution

of the tail becomes smaller. It should be noted that the contribution of the wing would
increase with increase in sweepback angle, and the significance of the contribution of

the tail would thus decrease.

The calculated roll-due-to-yawing derivative is plotted in figure 6. 3. 4-1las a
function of angle of attack and thrust coefficient. Lack of appropriate wind-tunnel data
precluded comparison of calculated values with tunnel data, but it was possible to
obtain flight values of the derivative. Calculated values of C Iy are compared with

flight data in section 6. 6. 2.

6.3.5 Symbols

Aw

By = (1 - M2 coszAc/4
bw

CLly

(AC L)w (AG) /propeller

wing aspect ratio

wing span, in.

wing-lift coefficient at propeller-off conditions

change in the wing-lift coefficient due to the power-
induced increase in dynamic pressure on the portion
of the wing area immersed in the slipstream of one
propeller

change in the wing-lift coefficient due to the power-
induced downwash behind the propeller acting on the
wing area immersed in the slipstream of one
propeller

effective lift-curve slope of the vertical tail based on
the wing area, per deg

rolling-moment coefficient

vertical-tail contribution to C;
r
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propeller-off contribution of the wing to C Iy at subsonic

compressible and incompressible flow conditions,
respectively

propeller-off contribution of the wing to Cl as a ratio
r

of the wing-lift coefficient with wing dihedral effects
unaccounted for

propeller-off contribution of the wing to Cl as a ratio
r

of the wing-lift coefficient at zero dihedral and
incompressible-flow conditions

increment of C Ly due to power effects

increment of C ) due to the wing dihedral
r

increment of Clr due to the unit change in the wing
dihedral, per rad

damping-in-yaw derivative, per rad

side-force coefficient

nondimensional derivative,

2V
contribution to the side-force coefficient per unit
change in the yaw rate, r, expressed as a nondimen-

rby,
sional quantity, ov o Per rad

9Cy

——=—, defining the wing
(rbw)

ol ——

distance parallel to the X-body axis from the propeller
plane to the center of gravity, in,

distance parallel to the X-body axis from the center of
gravity to the quarter chord of the vertical-tail mean
aerodynamic chord, in,

Mach number

dynamic pressure, lb/sq ft



instantaneous radius of curvature of the yawing flight
path, in,

yaw rate, rad/sec
wing area, sq ft

propeller thrust, lb

true airspeed, ft/sec

vertical distance parallel to the Z-body axis from the
center of gravity to the vertical-tail mean aerodynamic
chord, in.

angle of attack relative to the X-body axis, deg

wing geometric dihedral, deg

incremental angular displacement of the airplane flight
path in yaw, rad

sweep of the wing quarter-chord line, deg

wing taper ratio

rate of change of the sidewash on the vertical tail

rb

(induced by yaw rate, r) with _Z'VW
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TABLE 6, 3, 1-1

WING CONTRIBUTION TO G
r

Clr’ (AClr> -
(Clr)w ~\L, Lyt \"t /) w3

r=0

Symbol Description Reference Magnitude
M Mach number As selected 0,083
Ay Wing aspect ratio Figure 3, 2-1 7.5
Aw Wing taper ratio Figure 3, 2-1 . 513
N Wing sweep along quarter-chord Figure 3. 2-1 -2.5

line, deg
r Wing dihedral, deg Figure 3, 2-1 5
CL, Wing lift coefficient referred to Figure 4,1, 1-1 f(ay)
W Sy = 178 sq ft
€1

<CLr Wing contribution to Clr when Figure 6,3, 1-1 0,245

W/ Tr=M=0 dihedral is zero and M~ 0

Equation (6. 3, 1-2) =, 245

TN
Q] &
™~
s |~

-

1}

<)

Wing contribution to Clr’ when

dihedral is zero, corrected for
Mach effects

Increment of C due to unit

iy
change in dihedral

Equation (6, 3. 1-3)

-0, 00745 per rad

Summary: (cZ ) =0.245Cy, - 0. 00065
r
w

O, ® ®
- Figure 4, 1, 1-1 | =—=====m=——eeemun
Uy L (Cir)y, =
deg w 0.245@ - 0. 0006
-4 0 0
-2 . 145 . 0349

0 0. 292 0. 0709

2 . 437 . 1065

4 0,584 0. 1425

6 730 . 1782

8 0.875 0.2138
10 1. 023 . 2500

12 L. 160 0, 2836




TABLE 5, 3,2-1

VERTICAL-TAIL CONTRIBUTION TO Clr

’ z cosay + L sing L. cos ay, -z, 8in &
oF - -114.6(C v b v b v b v b
Yy Lo v bw Pw

Symbol Description Reference Magnitude
’
(CL ) Effective lift-curve slope of vertical tail Table 4, 5, 1-1 0. 00464
Yy referred to Sy, =178 sq ft, deg

z, Vertical distance parallel to Z-body axis Figure 3,2-4 -45.9

from the center of gravity to the tail
mean aerodynamic chord (positive
down), in,

l Distance parallel to X-body axis from Figure 3,2-4 164.9
center of gravity to quarter chord of
vertical-tail mean aerodynamic chord
(positive back), in,

by, Wing span, in, Figure 3, 2-1 432

Summary: (CZ ) =-0,5317 (-0, 10625 cos oy, + 0, 3817 sin &)
r
v

(0. 3817 cos oy, + 0, 10625 sin ay,)

O] ® ® ® ® ®
“r | cos® sin® | -0.10625@ + 0.3817® | o0.3817® + 0. 10625®) C:lr)v = -0.5317@®
deg
-4+ | 0.9976 |-0.0698 -0. 13264 0. 37337 0. 0263
-2 .9994 | -.0349 -, 11951 . 37776 . 0240
0 | 1 o000 0 -0, 10625 0. 38170 0. 0216
2 .9994 | .0349 -, 09286 . 38518 .0190
4 | 0.9976 | o0.0698 -0, 07935 0. 38820 0. 0164
6 . 9945 . 1045 ~. 06578 39070 .0137
s | 0.9903 | o0.1392 ~0. 05209 0. 39279 0. 0109
10 . 9848 . 1736 - 03837 . 39434 . 0080
12 | 0.9782 | 0.2079 ~0. 02458 0. 39547 0, 0052
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TABLE 6, 3, 3-1

EFFECT OF POWER ON WING CONTRIBUTION TO Clr

2
l
p
AC ~ 2| (AC _./propeller + (AC /propeller | [ —
( lr)Dower [( L)W(AQ) P ( L)W(Gp) by,

Sy mbol Description Reference Magnitude
’
(AC1) AG /propeller Change in lift coefficient due to power-induced Figure 6, 1, 5-1 f(ap, Te)
w(Aq) increase in dynamic pressure on wing area
immersed in slipstream of one propeller
’
(ACyp) /propeller Change in lift coefficient due to power-induced | Figure 6. 1, 5-1 f(ay, To)
W(ep) downwash behind the propeller acting on the
immersed area
lp Distance parallel to X-body axis from pro- Figure 3, 2-5 63,15
peller plane to the center of gravity, in,
by, Wing span, in, Figure 3, 2-1 432
Summary: {AC ) =0, 0427 (AC - /propeller + (AC / power
Y ( be power [( Lhwag ( L)W(ep)
-— Figure 6.1.5-1 Figure 6.1.5-1 | ===mmmeemeeee
ACZ =
(ACL)W( Ad) /propeller (ACL)W(€ )/propeller T /power
o, P 0.0427(@ + @)
/ /
deg T¢/propeller To/propeller T,
0 0,10 0,22 0 0.10 0,22 0 0.20 0,44
-4 0 0 0 0,001 0.014 0,031 =0 0. 0006 0,0013
-2 0 .015 . 031 . 001 . 005 .013 =0 . 0009 . 0019
0 0 0.030 0. 061 0 -0.003 -0, 006 0 0.0012 0, 0023
2 0 . 044 . 088 0 -.011 -, 023 0 . 0014 . 0028
4 0 0,056 0,115 -0, 001 -0,018 -0, 039 =0 0.0016 0, 0032
6 0 . 067 . 138 -. 002 -.025 -. 055 -. 0001 . 0018 . 0035
8 0 0,076 0, 158 ~0, 002 -0, 032 -0, 069 -0, 0001 0,0019 0. 0038
10 0 . 083 . 174 -. 002 -. 036 -. 081 -. 0001 . 0020 . 0040
12 0 0,086 0.184 -0, 003 -0. 040 -0, 090 -0, 0001 0. 0020 0, 0040
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6.4 Yaw-Due-to-Rolling Derivative, Cnp

The wing and vertical tail are the only airplane surface components considered at
this time since they are the only significant contributors to the derivative Cnp- Power

effects on Cnp are not calculated because of the lack of suitable design information,
On this basis,

Cnp ¥ (Cnp),, (Cnp)v (6. 4-1)

6.4.1 Wing Contribution to Cn
p

The contributions of the wing to Cnp are the result of antisymmetrical lift loading

and induced drag due to rolling, and change in viscous drag due to roll-induced change

in angle of attack. The contribution of antisymmetrical lift and induced drag is calculated
by first considering the wing with zero dihedral and then adding the incremental effects

of dihedral, The following equation summarizes the wing contribution to Cnp:

’
(Cnp) ACy ACy \ 8Cp
. 1 pl_T P 0
(Cnp), = [T Cro, *\"7 /5.3 * 717 (6. 4. 1-1)
P/w Ly - W . 8CDO o
oo

For low-speed and zero-dihedral conditions, the antisymmetrical lift and induced-

p/1
drag contribution, C , may be obtained from equation (6, 4. 1-2), The first

=0

term in the equation was derived in reference 4, The second and third terms, which
account for tip-suction effects, were derived in reference 30, The equation accounts
for the longitudinal deviation of the airplane center of gravity from the aerodynamic
center of the wing, X (¥ is positive when the aerodynamic center is aft of the center of
gravity).

C C
( “p)l Ayt cosAc/4\[ x  1anAc/4 tan?A c/4 (Crp),
o] T Ay + 4COSA /4 L+ 6{l+—% a0 A * 12 CL
w ¢ w Sw w w -
Ly =M=0 Ae/a=0

(6.4, 1-2)

-——1—(tanA /4 + —}'—\— L
4A, ¢ AW) Aw2 W

is obtained from figure 6.4, 1-1.
A C/4=0
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(Con)y

Compressibility effects on the low-speed values of [ CLoy ] are accounted for

by the following equation from reference 5:

[(C“p)1 ] < Aw *+ 408 Ac/4 ) [Asz + 4 (AyBg + cos Ac/q)tan® Ac/z&] [(Cnp)l
=

CLy, AyBg + dcos Ag/g Cy,, :|F=M=0 (6.4.1-3)

Aw + ; (Aw + cos Ac/4) tan?A /4

where Bg = \/1 - M2 coszAc/4.

The incremental effect of dihedral angle, I', on Cnp is accounted for by the following

equation from reference 21:

ACn ) tanA =
p c/4 3 x
=-—FL2 4+ 2 X\ (C 6.4.1-4
( r ( 4 * Aw Ew>< lp)r=0 ( )

where (C lp) is obtained from section 6, 1. 1 with compressibility effects accounted
I'=

for,

The incremental effect of viscous drag on Cnp, the third term of equation (6. 4., 1-1),

is approximately accounted for on a semiempirical basis by the following equation:

ACp, acf)o
AC = 6.4.1-5
(Amp)et = |5 |7@ ( )
0 0
oo
ACp
The parameter -8—(7—- is obtained from figure 6, 4, 1-2, which was empirically
Do
o

determined from experimental model data in reference 30. ,
BCDO
The rate of change of viscous drag with angle of attack, o may be obtained by

calculating the viscous drag by the method given in section 4,12, 4 of reference 1 as a
function of angle of attack and obtaining the slopes from the plotted results In reference
1 the viscous drag is represented by kgA,, instead of by the term CD 0 used herein,

The importance of including the incremental effect of viscous drag on the predicted
wing contribution to Cnp is shown in figure 6.4, 1-3 (from ref, 30), The figure shows

the correlation between calculated and wind-tunnel-determined Cnp as a function of

angle of attack for several wings of different aspect ratios and sweepback. Inclusion of
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the viscous drag term improved the correlation significantly at higher angles of attack
in practically all instances,

The calculated contributions of the subject airplane wing to Cnp are summarized
in tables 6.4, 1-1(a) to 6.4, 1-1(e) as a function of airplane angle of attack,
In table 6, 4, 1-1(c), the value of (Clp) used in determining the increment of

I'=0
Cnp due to dihedral was obtained from column 6 of table 6.1, 1-1. The results in this

column were actually calculated with dihedral and body interference accounted for;
however, the dihedral and body-interference effects were both negligible,

In table 6. 4. 1-1(d), the rate of change of viscous drag with angle of attack,
8CH
5o » Was obtained by measuring the slope of the viscous drag curve in figure 6, 4, 1-4,

The figure is based on columns 1 and 8 in table 4, 12, 4-1(b) of reference 1.

The summary of wing contributions to Cnp in table 6, 4, 1-1(e) shows the contribu-
tion due to dihedral to be negligible, The viscous drag contribution, however, becomes
more important with increasing angle of attack,

6.4.2 Vertical-Tail Contribution to C,
P

The vertical-tail contribution to Cnp is accounted for by the following equation,

which takes into consideration the sidewash on the tail due to roll, 9

9 \iJ

2V

lycos oy - zy sin ozb) 2z cos ap + Losin @) 4o

(Cnp)v =-57,3 (C£'O‘>v( e B + o (6.4.2-1)

2V
The calculations for the vertical-tail contribution to Cnp of the subject airplane
are summarized in table 6, 4, 2-1,
0.4.3 Power Contributions to C,
p

For a single~engine, propeller-driven airplane, the effects of power on the contri-
bution of the vertical tail to Cnp would be difficult to determine because of the lack of

general design procedures accounting for this power effect and the scarcity of wind-
tunnel data for similar geometric configurations, The effect of power on the wing con-
tribution would be small.

For a twin-engine airplane like the subject airplane, the effect of power on the
vertical-tail contribution is considered to be negligible, The effect of power on the
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wing contribution is primarily the result of change in the induced drag of the portions
of the wing immersed in the propeller slipstream due to roll-induced change in angle
of attack, On the basis of section 5, 3 of reference 1, it appears that the induced drag
is affected by the proportions and location of the nacelles, Because of the uncertain
magnitude of the changes in induced drag due to roll-induced change in angle of attack,
no attempt is made to account for power effects on the wing contribution to Cnp.

6.4.4 Summary of Contributions to C,,
p

The calculated net Cnp of the subject airplane is listed in table 6. 4. 4-1 as a function

of angle of attack on the basis of wing and vertical-tail contributions, The results are
also plotted in figure 6, 4.4-1, Although the wing is the major contributor to the deriva-
tive, the contribution of the vertical tail is appreciable,

Lack of appropriate wind-tunnel data precludes a comparison to assess the validity
of the calculations,

6.4.5 Symbols

Ay wing aspect ratio
acCy aerodynamic center of the wing as a fraction of the wing
mean aerodynamic chord
1/2

Bg = (1 - M2 coszAc/4) /
by wing span, in,
C;) 0 viscous drag coefficient of the wing

’
80D0 ,
5o variation of CDO with angle of attack, per deg
Ci, wing-lift coefficient for propeller-off conditions

w

’
(CLoz> effective lift-curve slope of the vertical tail based on the

v wing area, per deg
C; rolling-moment coefficient
9Cy
C =
ZP 3 pbyy,
P
(Clp) wing contribution to Clp at zero dihedral and propeller-
I'=

off conditions
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Cp,. = , per rad

“Ly |-

- Jr=M=0

212

yawing-moment coefficient

vertical-tail contribution to Cnp

wing contribution to Cj

antisymmetric lift contribution of the wing, due to the
roll rate, to (Cnp) at zero dihedral and propeller-
w

off conditions

rate of change of (Cnp) with the wing CLw

11‘\:0

rate of change of (Cnp )1 with CLW at incompress-
r=0
ible flow conditions (M = 0)

incompressible flow antisymmetric lift contribution of
the wing, due to the roll rate, to (Cnp> at zero
w

sweep of the quarter-chord line, zero dihedral, and
propeller-off conditions per unit change in CLW

increment of (Cnp)w due to CI/)O

increment of (Cn ) due to the wing dihedral
P/w

rate of change of the increment of (Cnp) , due to the
\

wing dihedral, with the wing dihedral angle, per rad

rate of change of the increment of (Cn ) , due to viscous
801’) P/w

drag, with .



[e]]

< p v = o~

k]

wing mean aerodynamic chord, in,

distance parallel to the X-body axis from the center of
gravity to the quarter chord of the vertical-tail mean
aerodynamic chord, in.

Mach number

roll rate, rad/sec

wing area, sq ft

airspeed, ft/sec

distance parallel to the wing mean aerodynamic chord
from the center of gravity to the wing aerodynamic
center, in,

vertical distance parallel to the Z-body axis from the
center of gravity to the vertical-tail mean aerodynamic
chord, positive down, in.

angle of attack relative to the X-body axis, deg

wing dihedral angle, deg

sweep of the wing quarter-chord line, deg

wing taper ratio

rate of change of the sidewash on the vertical tail

pb,
(induced by the wing roll rate) with oV
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TABLE 6.4.1-1

WING CONTRIBUTIONS TO Cnp
(a) Basic parameters
Symbol Description Reference Magnitude
M Mach number As selected 0. 083
B, J1—mﬂcm2Awq ------------- . 997
Ay Wing aspect ratio Figure 3,.2-1 7.5
Aw Wing taper ratio Figure 3, 2-1 . 513
Ac/4 Sweep of wing quarter-chord line, deg Figure 3, 2-1 -2.5
bw Wing span, in, Figure 3, 2~1 432
Cw Wing mean aerodynamic chord, in., Figure 3,2-1 59.5
X acy - center of gravity Figure 3.2-1 0. 15Cyy
(Cnp)l
I | — - — Figure 6, 4, 1-1 -0, 061
Ly A=

r Wing dihedral, deg Figure 3.2-1 5

214

(b) Antisymmetrical-lift and induced-drag contribution, I'=0

(%)

= -0. 06631CLW (based on egs. (6.4.1-2) and (6.4.1-3))

Ip=g

© @ ©)
- Figure 4,1, 1-1 | --———————=—coomm—omom—
ap, Cy, (cn ) = -0.06631(2)
deg W P Lreg
-4 0 0
-2 . 145 -. 0096
0 0.292 -0.0194
2 . 437 -. 0289
4 0.584 -0. 0387
6 .730 -, 0484
8 0,875 -0. 0580
10 1. 023 -. 0678
12 1.160 -0, 0769




TABLE 6. 4, 1-1 (Continued)

(c) Incremental effect of dihedral on Cnp

AC -
AC = _TL ( np> =_.r tan Ac/4 + 2 Xl
( np)F 5.3\ T 57.3 7 Ay &y/ip)r=
= -0, 00428 (C;
P
r=0
--- | Table 6,1, 1-1, column 6 | ---————-—-—————m——
@y, o]} ) csc ) = -0. 00428Q)
b ( P/r=0 P/
deg
-4 -0.4622 0.00198
-2 -, 4623 . 00198
0 -0.4626 0.00198
2 -.4632 . 00198
4 -0.4640 0. 00199
6 -. 4650 . 00199
8 -0, 4662 0. 00200
10 -. 4677 . 00200
12 -0,4172 0.00179

(d) Incremental effect of viscous drag on Cnp

ACy ach
_ P 0
(Acnp>cl - ac/ ow
DO DO
[eXes
-— Figure 6,4, 1-2 Figure 6.4.1-4 | -—--———-m—m—mmue
ACp ,
p =
ay,, mrewa aCDO AC, )., =@®
8Cp 1Y Cp
deg 0 da 0
e Xes
-4 ~2.5 0 0
-2 2.5 0 0
0 ~2.5 0. 00047 0,00118
2 ~2,5 . 00160 . 00400
4 ~2.5 0,00326 0.00815
6 ~2.5 . 00445 . 01112
8 ~2.5 0. 00520 0. 01300
10 ~2.5 . 00800 . 02000
12 2,5 0. 00960 0, 02400
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TABLE 6,4.2-1

VERTICAL-TAIL CONTRIBUTION TO Cnp

, l,cos ap -z, sinay\ [2(z,cos @y + L sin o) 50
(cn ) =-57.3(cL ) 5 - +
PJy /g A pby,
5 —
2V
Symbol Description Reference Magnitude

<C£ ) Effective lift-curve slope of vertical tail Table 4.5, 1-1 0. 00464
o

v referred to Sy = 178 sq ft, per deg

l Distance parallel to X-body axis from Figure 3.2-4 164. 9
center of gravity to quarter-chord
line of vertical-tail mean aerodynam-
ic chord (positive back). in,

z Vertical distance parallel to Z-body axis | Figure 3.2-4 -45.9
from center of gravity to tail mean
aerodynamic chord (positive down), in,

bw Wing span, in. Figure 3.2-1 432
9¢ Sidewash factor to account for effect of Reference 24 0.20
3 pby rolling wing on tail

2V

Summary: (Cnp)v = -0.5317(0. 3817 cos @, + 0, L0625 sin ap)(-0. 10625 cos o}

+ 0.3817 sin o+ 0.10)

Ol ® | O ® ©, ®
@, (cn ) =-0.5317@®
deg | ©°° @ | sin@® 0.3817( + 0.10625@ |-0.10625() + 0,3817) + 0, 10 p/
-4 | 0.9976 | -0,0698 0. 37337 -0. 03264 0.00648
-2 . 9994 -. 0349 . 37776 -.01951 . 00392
0 | 1.0000 0 0. 38170 -0. 00625 0.00127
2 . 9994 . 0349 . 38518 . 00714 -.00146
4 | 0.9976 0. 0698 0. 38820 0. 02065 -0. 00426
6 . 9945 .1045 . 39070 . 03422 -. 00711
8 | 0.9903 0. 1392 0.39279 0. 04791 -0. 01001
10 . 9848 .1736 . 39434 . 06163 -. 01292
12 | 0.9782 0,2079 0. 39547 0. 07542 -0. 01586
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TABLE 6.4, 4-1

SUMMARY OF CONTRIBUTIONS TO Cnp

Cnp =

(Cnp)w ¥ (Cnp)v

®

©

——— Table 6. 4, 1-1(e) Table 6,4,2-1 | ~——ceeeemeen
() (o), [ @O
deg P/w Ply P
-4 0. 0020 0.00648 0. 00848
-2 -. 0076 . 00392 -. 00368
0 -0,0162 0.00127 -0.01493
2 -. 0229 -.00146 -.02436
4 -0. 0286 -0. 00426 -0. 03286
6 -. 0353 -. 00711 -, 04241
8 -0. 0430 -0.01001 -0, 05301
10 -. 0458 -. 01292 -. 05872
12 -0, 0511 -0, 01586 -0. 06696
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6.5 The Derivatives Cné and C; 4

The derivatives Cnﬁ', and C; B are the result of lag in the sidewash effects that act

on the vertical tail during the rate of change of sideslip with time.

If a pure sideslipping motion is considered, the effective angle of attack of the verti-
cal tail is composed of a geometric sideslip angle, §, and an induced angle, 0. This
effective angle of attack of the vertical tail during sideslip (involving time-varying side-
slip) may be written as

ay =B + %E(ﬂ - B.’T) in degrees (6.5-1)

The second term accounts for the effects of sidewash on the vertical tail with a time lag
in change of sideslip at the vertical tail taken into account. The time lag, 7, is equal
Ly
to v
l

t
Regrouping equation (6. 5-1) and substituting A for T,

. l
ay =B (1 + g—g) + (—%g —‘7‘5) in degrees (6.5-2)

The first term is the effective angle of attack of the vertical tail as used in equation
(4. 1. 4-5) to obtain the vertical-tail contribution to CYB; namely,

90\ %y Sv
(CYB)V = —k{(CLa)V <1 + -52-;)(_1—‘7- £ per degree (4. 1. 4-5)

Using the second term of equation (6. 5-2), the derivative of CY with respect to

By,
5y can readily be shown to be
, o0 3, Sy <lv cosab-zvsinab)
Cy: =114, 6Kk (C [T T T
Yz 1( La)v Bg Sw by
o0
(6. 5-3)
L, cos ap - zy sin @
=114.6<C£ > —‘2—"( - bb : b) per radian
a) 98 W
where
c? =k’ (C - —SX er degree (eq. (4.5.1-2))
(CLa), =i (CLa), . &, Perdesree(ed (&3
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k{ is a factor accounting for the body size relative to the vertical-tail size, obtained
from figure 4.1. 4~1(d)
(CL oz) is the lift-curve slope of the vertical tail, per degree, based on the effective
v

aspect ratio of the vertical tail, obtained from equation (4, 1, 4-2), referenced to the
tail area, Sy, and a dynamic-pressure ratio of 1. 0

= ig the dynamic-pressure ratio of the vertical tail (assumed to be 1. 0 for twin-

K

o0
engine airplanes)

ly,zy are the distances from the center of gravity to the quarter chord of the
vertical-tail mean aerodynamic chord parallel to the X-body axis and Z -body axis,
respectively (z,, positive down)

q
g—g is estimated from equation (4, 1. 4-6) assuming :‘1 = 1.0
q
0

On the basis of the expression for CYB- given by equation (6. 5-3), the following
equations were obtained for Cné and Clé:

2
l, cosay, -z sina
gg ( A4 bb Y b) per radian (6. 5~4)

Cn[; = -114, 6(C£a) -
\'A

l. cosay - z_sin @ z. cosa + L _gsino
%g( v bbw A4 b>( v bbw Y b) per radian (6, 5-5)

The magnitude of these derivatives, and therefore their significance in the equations of

Cps = -114. e(cia)v

motion, is reflected in the magnitude of the sidewash factor, g—g . Equation (4, 1. 4-6)

shows the sidewash factor to be primarily a function of the vertical position of the wing
on the fuselage and of wing sweep. Because the equation is empirical and based on the
sidewash at low angles of attack, it does not take into account the large changes in the
sidewash factor which can take place at higher angles of attack. Such large changes are
shown in figure 4. 1, 4-2,

The derivative Cnﬁ' is pertinent in the damping of the Dutch roll mode (lateral-
directional transient oscillations), Normally, B is approximately 180° out of phase
with yaw rate, r, in the Dutch roll mode, As a result, Cnﬁ' can be combined with Cn

to provide an effective Dutch roll damping-in-yaw derivative, <Cnr - -:—;L: n-)' This
B

derivative is obtained from
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Cn, 57 * CnB' 5V <Cnr “r C“B oV (6.5-6)

When results of wind-tunnel investigations of damping in yaw are reported in the

form (Cnr - Cnﬁé)’ it is implied that the tests were conducted about the stability axes,

using oscillating model techniques in which ¢ = -8 and in which the amplitude ratio,

_II-IE'_!’ is therefore equal to 1,0,

In flight-test investigations of the Dutch roll mode, in which the derivatives are
commonly referred to the body system of axes, the amplitude ratio, —I%I , is similar to
1.0 at low angles of attack and decreases with increasing angle of attack. It is not
practical to attempt to obtain flight-determined CnB by itself because of the approxi-

mate 180° phase relationship of ,8 with r, so in reducing the flight data the combined

effective derivative (Cn - -LEJ-C ) is used,
r Ir1 P8
The preceding remarks about Cnr and CnB' are also pertinent to (Clr and CZB>.

No attempt was made to calculate an and C; B for the subject airplane: for this

airplane iy is of the order of 0. 02, which indicates that these derivations are negligible,

o

6.5.1 Symbols

by wing span, in, or ft
(CL ) lift-curve slope of the vertical tail, based on the effective
@/ aspect ratio of the tail (obtained from eq. (4.1.4-2)),

referenced to the tail area and a dynamic-pressure
ratio of 1. 0, per deg

’
<CL > effective lift-curve slope of the vertical tail (obtained
a/y from eq. (4.5.1-2)), referenced to the wing area and
the dynamic pressure at the tail, per deg
C; rolling-moment coefficient
c - BCZ
1.5 T\ per rad
roo <rbw>
v
oC
Cp.= ——Z.—-, per rad
T
2V
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Cp yawing-moment coefficient

9Cy,
Cyp = ———, per rad
Dy rby, P
Nav
9C,
Cps = ———, per rad
2V
Cy side-force coefficient
oC
Y
C = e r de
Y,B 8B be g
(CY3> vertical-tail contribution to CYB, per deg
\
aC
Cy: = Y , per rad
B a( by
2V
kl’ factor accounting for the body size relative to the

vertical-tail size, obtained from figure 4, 1, 4-1(d)

L= L, cosay - zysinay, in, or ft

l distance parallel to the X-body axis from the center of
gravity to the quarter chord of the vertical-tail mean
aerodynamic chord, in, or ft

(';v dynamic pressure at the vertical tail, 1b/sq ft

Goo free-stream dynamic pressure, lb/sq ft

r yaw rate, rad/sec

Sy, Sy vertical-tail and wing area, respectively, sq ft

t time, sec

v free-stream velocity, ft/sec

Zy, distance parallel to the Z-body axis from the center of
gravity to the vertical-tail mean aerodynamic chord,
in,

ap angle of attack, deg
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angle of attack of the vertical tail, deg

sideslip angle, deg or rad

amplitude ratio of the sideslip vector and rate-of-
sideslip vector to the yaw-rate vector, respectively,
in the Dutch roll oscillation

induced-sidewash angle at the vertical tail, deg

rate of change of o with 3, deg/deg
l

time lag, Vt-, sec



6.6 Comparison of Predicted Dynamic Derivatives With Flight Data

In the absence of dynamic wind-tunnel data, the calculated dynamic derivatives

Cp. - lﬁ-!cl. and C, - -,-El-cn. are compared with flight data for validation, No
r Ir 1 &g r iri g

attempt is made to compare calculated Clp and Cnp with the flight data for reasons

stated in section 6.6.1. The flight data were analyzed with techniques suitable for
use at a desk,

Heretofore the calculated derivatives have been referenced to the stability system
of axes, In comparing the predictions with flight results (referenced to the body system
of axes), the predicted derivatives are referenced to the body system of axes to conform
with the flight data, Table 5, 3~1 lists a complete set of transformation equations to
reorient the predicted characteristics from stability to body axes.

0.6.1 nalysis of Flight Data

The magnitude of Cnp is generally small in comparison to the magnitudes of the

other yawing-moment derivatives, so it is difficult to extract reasonably accurate values
from flight data. As a result, no attempt was made to obtain flight values of Cnp to

validate the calculated values,

The derivatives Clr - ||r Il Clé and Cnr - -!—f—! ng were obtained from graphical

time-vector analysis of the flight data (ref, 18), from which the static derivatives C; B

and C, were obtained concurrently, As pointed out in section 5, 3. 2(c), Czr is not

normally solved for as an unknown quantity when the time-vector technique is used
because its time-vector representation is small compared to the other derivatives in
the rolling-moment equation, However, as explained in section 5, 3. 2(c), for the subject
airplane the magnitude of the C I, vector and its orientation with respect to the other

vectors in the graphical representation of the rolling-moment equation permitted the
181

solution of Clr T TR

Clé’ as well as of CZB, in lieu of Clp.

The derivative Clp could not be obtained from the graphical time-vector solution

of the rolling-moment equation because the roll rate, p, was approximately 180° out of
phase with the sideslip, 8. This phase relationship, coupled with an experimental un-
certainty of approximately +10° in phase angle, necessitated the use of the calculated
values of either Clp or C; 8 in the rolling-moment equation. Since Clp can be

calculated to within 5 percent, the calculated value of Clp was used and C; 8 and
Clr -1 ICZB' were solved for,

Although some consideration was given to obtaining flight values of C .. from the
p
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one-degree-of-freedom roll-mode equation (eq. (7.2, 2-5)), the equation was considered
to be too approximate for critical comparison of calculated and flight values of Clp-

6.6.2 Comparison of Predicted and Flight-Determined Dynamic Derivatives
Figure 6, 6, 2-1 shows the degree of correlation between flight-determined and calcu-

3 ¥: . .
lated Clr - -!-EL'C ZB and Cnr - TIE'JICn B as a funct1or|1 pf angle of attack for level-flight

conditions. The flight-determined derivative, Clr -

T ICZB, shows unusually good

correlation with calculated values. Generally, the flight values are difficult to obtain
to a reasonable degree of consistency and accuracy. However, the orientation and
magnitude of the vectors in the graphical time-vector representation of the rolling-
moment equation for the subject airplane were conducive to the accuracy with which

Clr - -H‘i'llclé was obtained. (See section 5. 3.2(c).)

In general, there is good correlation between flight and calculated values of

Cnr ~F |Cn;é' The flight values were obtained from a graphical time-vector solution
of the yawing-moment equation, from which the static derivative, CnB’ was determined

simultaneously, (See section 5, 3.2(b).) Because the accuracy of the flight values of

Cnr - %Cnﬁ is dependent largely on the phase angle, ¢ gr which could be obtained

within 1°, the flight values for the subject airplane are considered to be accurate to
within 10 percent,

6.6.3 Symbols

bw wing span, ft
C; rolling-moment coefficient
C, = fﬂ de
Ly~ Bp » PeT OB
Cp. = -a—(-:-l— per rad
f By
2V
9Cy
Clp— 8(pbw , per rad
2V
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=

- Héﬂ

QN

8Cy

= ——— per rad
o ow
2V
oC
——n—-—, per rad
o (Pow
2V
8C
= , per rad
5 r
<2V
8C
-a—n, per deg
B
8C
2 , per rad
8<Bbw>
2V
T
q_ Sy

yawing-moment coefficient

roll rate, rad/sec

free-stream dynamic pressure, 1b/sq ft

yaw rate, rad/sec
wing area, sq ft

thrust of the propellers, 1b

time, sec
airspeed, ft/sec
airplane angle of attack relative to the X-body axis, deg

sideslip angle, deg or rad

amplitude ratio of the rate-of-sideslip vector to the yaw-
rate vector in the Dutch roll oscillation
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®gy phase angle of the 8 vector relative to the vaw-rate
vector in the Dutch roll oscillation
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Flight data

Calculated
2
T . o
olo ©oO
0
0
-.04
-1l
Cne ™ 1r1 Sy
per rad o)
- 08 O o
. o EE—
o)
1 }
.24
.16 0
C, - J_MC . o /0/
lr Iri ZB' /
o
per rad o/
.08
0
-4 0 4 12

Oy, per deg

Figure 6. 6.2-1. Comparison of flight-determined and calculated dynamic
stability derivatives relative to the body axes as a function of angle of attack,
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7.0 DYNAMIC STABILITY CHARACTERISTICS

In the following discussion of the dynamic stability characteristics, consideration is
given first to the equations of motion that constitute the mathematical model of the air-
plane. This mathematical model is then manipulated to provide dynamic response
expressions of various degrees of accuracy. Response characteristics accounted for
include Dutch roll period and damping, roll subsidence, spiral divergence, roll-to-
sideslip ratio, -Il%’ maximum roll rate due to aileron input, and factors affecting roll
performance, Calculated characteristics are compared with flight data whenever flight
data are available,
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7.1 Equations of Motion

Dynamic stability characteristics are normally based on the following linearized
small-perturbation equations, which are referenced to the body-axes system (angles,

rates, and accelerations are in radians):

mV(AS + Ar - @, Ap) - W(sin 00A¢’ + cos Oycos 9 A @) = (CYB A3+ CYér Aby + CY5 Aéa)ﬁs (7. 1-1)
a

IXAI.) - IXZAI" = (clB A8+ Clplz)-%Ap + Clr E%Ar + ClarAér + CZGaAGa)[_]Sbw

by,

b
. . W -
I Ar - Iszp = <CnBAB + Cnp v Ap + Cny. 3% Ar + CnGrAér + Cléa A6a>quw

where

Ay’ = f(Anydt

Ag = S(Ap)dt

(7. 1-2)

(7. 1-3)

(7- 1_4)

(7. 1-5)

The Laplace transform of equations (7, 1-1) to (7, 1-3) may be represented by the

following matrix:

_ _ ar -
(s - YB) (s - 81) —[s(sin ag) + gz] A8 T Y(sr
T 72, T = ’ -
-LB -( xS~ t Lrs) (52 - Lps> Ay = Lbr
—ﬁB (sz - ﬁrs> —(Iész + I_\Tps> L Ay ﬁér
b -l - e
where
g, = -5- sin 6, go = -é cos 6y cos ¢
1
I = }E I/ = I_)_{Z

a5, |
ag, | 19
(7. 1-7)
(7. 1-8)
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and

5 - gsh GSby, )

= as_ = q_lv - w

¥p = CYg mv Ng = Cng T, s =C 1
_ c 2

Ny =Cy 5 L.=C;  sw—

- 2 -2

N -c, w P w

P “0p 2VI, P~ ~lp 2V,

_ a _ 3sh. _ gshb
= g8 - 3Dy = 2w

Y5r CY5r mV NGI‘ Cn5r Iz Lér Clér Ix

_ = Gsb _ ash
- as Ne = POw - I Py
Yoa = g, mv M0a = Cnp T 02" Cts, T

(7.1-9)

The denominator determinant, represented by the first matrix on the left side of
equation (7. 1-6), constitutes the characteristic equation which may be arranged in the

following general form to obtain its roots:
s(s4+bs3+ cs? + ds+e€)=0

where
b= —EI; - ITIII- - ?,3 \

N7 /T T/ L GAT T i g
¢ =-(NpLy - NyLp) + (Lp + Np)¥p - Tgsina, + N‘é

d=-(0%Lg - M) - (VLG - NTOT -
—ngllg - (ﬁﬁli—; - NIIIB,) sina,
e = g (LN - LIN) - (N4 T, - N/L) )
and where the primed derivatives are equal to
, N, + Iéfi ., L, + IxN;
i=g,p,r,0,,6, = m and Li=ﬁ,p,r,éa,6r = 1 - 141
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(7.1-12)



For example,

N, + I, L
7 =/ Z
Ni—p =Np =

The modes of the aircraft's motions are dependent upon the roots of the characteristic
equation, The modes may be:

(1) Spiral divergence, roll subsidence, and Dutch roll oscillation, for which the
characteristic equation is

1 1 2 2\ _
<S + —,1-,-S'><S + TE) <S + 2. DRYDRS + YDR > =0 (7. 1-13)

(2) Coupled spiral and roll modes (lateral phugoid) and Dutch roll, for which the
characteristic equation is

2 2
(32 + 2§phwphs + Wph )(s2 + ZgDRwDRs + WDR )= 0 (7.1-14)

The following criterion from reference 31, if satisfied, indicates the existence of the
lateral phugoid and Dutch roll modes:

d% - 4ec < 0 (7.1-15)
The criterion implies that the product ec is positive,
The spiral divergence, roll subsidence, and Dutch roll modes are considered in the

following sections because of their more common occurrence, The lateral phugoid is
considered in reference 31,

7.1.1 Symbols
a,b,c,d,e coefficients in a fifth-order characteristic equation
(eq. (7.1-10)) as defined in equations (7, 1-11)

by, wing span, ft
C; rolling-moment coefficient

3Cl
¢, = =————— per rad

p 5 pbw> pe
2V

BCZ

C; = , per rad
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SCL

CZB = 'W—, per rad
9Cy

Clﬁa = 8—6-;;’ per rad
9Cy

ClGr = 8—6?’ per rad

Ch yawing-moment coefficient
0Cy,

Cnp = ——IEV_-’ per rad
N\aw
aCy,

Cnr = e per rad
ol -V
(=)

Cy side-force coefficient

SCY
CYB = T per rad

9Cy
CYGa = '%; , per rad

BCY
CY5r = W; , per rad
g acceleration of gravity, ft/sec?
g1: 83 as defined in equations (7, 1-7)
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Ix, 1, mass moment of inertia of the airplane about the X- and
Z-body axes, respectively, slug-ft2

Ixy mass product of inertia, slug—ft2
I)’Q Ié as defined in equations (7, 1-8)
Ly, Ly, iﬁ’iﬁa’ fér as defined in equations (7, 1-9)
=7 =7 = . X .

Lp, Ly, LB as defined in equations (7, 1-12)

as defined in equations (7, 1-9)

r

NI;’ Ny, ﬁé as defined in equations (7. 1-12)

p, T roll and yaw rate, respectively, rad/sec

p, T roll and yaw acéeleration, respectively, rad/ sec?

Ap, Ar, Ap, Ar perturbed value of p, r, p, and r, respectively

q dynamic pressure, 1b/sq ft

S wing area, sq ft

s Laplace transform variable

TR, Tg roll mode and spiral mode time constant, respectively,
sec

t time, sec

Vv true airspeed, ft/sec

w airplane weight, 1b

?,3’ 3_653, ?5r as defined in equations (7, 1-9)

Qg airplane angle of attack relative to the X-body axis in
a trimmed condition, rad

B sideslip angle, rad

g = —g-%, rad/sec
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AB, A8
6a,6r
Ad,, AG,

Ag = [f(Ap)dt, rad
Ay’ = f(Ardt, rad

12
181

“DR: wph

240

perturbed value of 8 and B, respectively
aileron and rudder position, respectively, rad

perturbed value of aileron and rudder deflection,
respectively, rad

damping ratio of the Dutch roll and lateral-phugoid
oscillation, respectively

trimmed pitch attitude of the X-body axis, rad

roll attitude about the X-body axis, /pdt, rad

amplitude ratio of ¢ to B in the Dutch roll oscillation

undamped natural frequency of the Dutch roll and
lateral-phugoid oscillation, respectively, rad/sec



7.2 Determination of Roots of Characteristic Equation When Spiral
Divergence, Roll Subsidence, and Dutch Roll Modes Exist

When the spiral divergence, roll subsidence, and Dutch roll modes exist, the coeffi-
cients b, ¢, d, and e of the characteristic equation

s(s*+bs3+ cs2+ds+e)=0 (7.1-10)

can be readily shown to be equal to:

1 1
b =2 ppw + o=m—t
DR*DR TR Tg

o 1, 1), 1
¢ = wpR” + 2L prWpg (TR " TS) T TRTg -
.2-1
11 1
d=wnplfm=— + =) + 2 Hpw

e =W 2——];_
DR TgTR

In most instances, the spiral mode factor, "T‘lg’ is much smaller than the roll mode

factor, ’_1‘%’ and the coefficients are approximated by

N 1

1 -

¢~ wpRr® + 2 prwpg TR (7.2-2)
~ 2 1
d ® wpp TR

7.2.1 Spiral Divergence Root

Because the spiral divergence root is very small compared to the roots of the roll
subsidence and Dutch roll modes, it may be estimated to a good degree of accuracy by
considering only the last two terms of the characteristic equation (eq. (7.1-10)), This
first approximation gives

Lo

S

}‘SIn T

(7.2.1-1)

o

By substituting the dimensional derivative equivalents of the coefficients d and e from
equations (7. 1-11) and simplifying by eliminating the minor quantities, the following
approximation is obtained:
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-82 (NpLr - Nelp)

A (7.2.1-2)

=Y A —— )

-(NgLyp = Nylg) - 221
In terms of dimensionless derivatives,
C, C; -¢C; C
.~ E n.“lg l,.>ng )
sm Vv (7.2.1-3)
(c 2C —IZ-2> o (Cz + g0, X2 )c
n, ~ A¥L - L P
p mby B b mby nﬁ

Equations (7. 2. 1-2) and (7. 2. 1-3) show that the spiral mode involves sideslip, B, yaw
rate, r, and roll rate, p.

The criterion for stability is provided by the numerator of equation (7.2.1-3)., Thus

> 0 Spirally convergent

CanzB - Cer = 0 Neutral spiral stability (7.2.1-4)

8
< 0 Spirally divergent
Because Cp r and C; 8 are both normally negative, the product Cnr C; 8 favors spiral
stability, However, the product CernB is generally positive (since CnB is positive
for positive directional stability and Clr is normally positive) and tends to decrease
spiral stability., The derivatives Clr and CZB are primarily dependent upon the
wing for their magnitudes, Because Clr is essentially a linear function of Cy
(section 6. 3), an increase in angle of attack is accompanied by a positive increase in
Clr’ which decreases spiral stability, To provide an acceptable degree of spiral

stability at high angles of attack (the critical condition), sufficient geometric dihedral
is incorporated to provide sufficient CZB for stability.

Accept.. 'e spiral stability is specified by reference 32 in terms of minimum time
to double the spiral amplitude where

0, 693

)\'SIII

(Tg) , = -(n2)Ts = -0, 693 Tg = (7.2.1-5)

For light aircraft, section 3, 3, 1-3 of reference 32 stipulates that (T2)Sm should not

be less than 12 seconds for clearly adequate operation nor less than 4 seconds for
minimum acceptable operation,
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The predicted spiral stability characteristics of the subject airplane over its speed
range at trimmed, level-flight power conditions (from fig, 5,2-8 of ref, 1) are sum-
marized in figure 7, 2, 1-1 on the basis of the derivatives calculated in this report.
Because the flight-determined values of CZB were markedly different from predicted

(and wind-tunnel) values, the figure also includes predicted spiral stability characteristics
in which flight values of C; 8 (fig. 5.3.3-1), obtained from oscillatory maneuvers, were

used in place of calculated values.
7.2.2 Roll Subsidence Root

The roll subsidence root may be obtained from the following relation obtained from
equations (7, 2~-2):

-_1 __4d
Arm T AR T T3

“DR

per second (7.2.2-1)

Upon replacing the coefficient d by its dimensional derivative equivalent, and
simplifying by eliminating the quantities which are minor for conventional aircraft con-
figurations, the following approximation is obtained:

/77 ~’77/ T/
- +
N (NpLp - NpL) * &oLp

rm

2

“DR

(7.2.2-2)
N/ TN __g_)
_ NgLp LB(NP v

2

“DR

In terms of nondimensional derivatives and with wDRz replaced by its approximate

derivative equivalent as obtained in section 7. 2.3,

_ 2
I I, Sb.
X7 Z 5Dy
Cn,\Ce, * 2CL _'Q> -4 <Cn “ 2L 5 | g
l: nﬂ( p mbw B p mbw‘ X

A © (7.2.2-3)

2 -
1 I 1 b qShb 1, b
Z . XZ X7 w w) g-w 1
g '%<§ ?) : <Cnrclp* wzrclp)(—zv) (*‘Ix ) L R VI T

In accordance with reference 31, equation (7. 2.2-3) is valid if YBE; << fg and if the
Dutch roll damping ratio is of the order of 0.2 or less. If ff)(?ﬁ + NJ) << ﬁé , the

dynamic derivatives in the denominator can be disregarded and the equation becomes
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(7.2.2-4)

For a first approximation, 9

(7.2.2-5)

The predicted roll subsidence characteristics of the subject airplane over its speed
range at trimmed, level-flight conditions are summarized in figure 7, 2. 2-1 on the basis
of equation (7. 2, 2-3). , This equation was used rather than equation (7. 2, 2-4) because
its denominator, wpp®, was significantly affected by the dynamic terms. (See section

7.2.3.) Included in the figure for comparison are roll-mode characteristics calculated
by using flight values of CZB, which did not affect the results significantly, Also in-

cluded are the predicted roll-mode characteristics based on the single-degree-of-
freedom equation (eq. (7.2.2-5))., The results indicate that the roll subsidence mode

is primarily a single-degree-of-freedom rotation about the X-axis and is heavily depend-
ent on C; . Because C lp is essentially determined by the wing, heavy damping of the

roll mode can be expected for light aircraft configurations, Also, because Clp is a

function of the wing lift-curve slope, which is not significantly affected by compressi-
bility up to a Mach number of approximately 0, 6, the roll subsidence will decrease with
increase in pressure altitude for constant-dynamic-pressure flight as a result of the

. q
decrease in -

Acceptable roll-mode characteristics are specified by reference 32 in terms of the
roll mode time constant, T = -+

Arm
section 3, 3. 1.2 of reference 32 stipulates that TR should not be greater than 1.4 sec-

, which reflects roll damping, For light aircraft,

onds for clearly adequate operation nor greater than 10 seconds for minimum acceptable
operation.

The roll mode time constant is discussed further in section 7, 4. 3 in relation to the
influence of the convergent spiral mode on the apparent flight value of TRy.

7.2.3 Roots of the Dutch Roll Mode

The oscillatory frequency of the Dutch roll mode is obtained to a good degree of
accuracy from the following relation (from egs. (7.2-2) and (7.1-11)), if the damping
ratio is of the order of 0.2 or less:

wDR2 = C
(7.2,3-1)
=7 =7 —=r=7 | ==

R NB - LB sina + NpLp + LpYB
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In terms of nondimensional derivatives,

1 1 b. GSby,
2 2 ine - XZ . 4 Xz w
WpR~ ™ [Cnﬁ Clﬁ(l sina - 3 )+<Cnr(’lp+ Tx Clrclp>(2V> Tx
_ (7.2.3-2)
lp~Yp Tx VIVCTy | T,

For the more normal situations where EI;(S_{B + ﬁ{) << _ﬁé , equation (7, 2, 3-2) can be
reduced to the following more commonly used format:

I I qSb

2 Z . XZ W
= |C -C — Q = ———) | ——

“DR [ ng ~ ~lg ( Ix °* Ix >] Iy

Equation (7, 2, 3-3) was not applicable to the subject airplane, because the dynamic
derivative terms in equation (7. 2, 3-2) had a significant effect on the frequency, as
shown in figure 7, 2, 3-1,

(7.2, 3-3)

The Dutch roll damping constant, gDRwDR’ and damping ratio, {DR* have not been

estimated satisfactorily by the greatly simplified expressions which have appeared in
the literature, The utility of these expressions is restricted to very small angles of
attack, A fairly accurate estimate of the damping constant may be obtained from the
following equation, derived from equations (7, 2-2):

- 1 cbe-d
gDRwDR Y —c(-z—_l-—bé) (7.2.3-4)
where
=-(Lp + Ny + Yp) )
I7 \ Sby g 1
2

a~ -ﬁ,;f;, + N{,ig - gzi[;

2
Ixz ) < I, )](bw> (@Sby,)
~ |-C C, +2C, ——1] +C Cn. -2C7 —=_ || — J—uX
l L P l n L
[ “B< P wl B\ ""p mbwz 2V) 1y )
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The period, Ppg, of the Dutch roll oscillations and the time, (T; /2)DR’ for the

oscillations to damp to half amplitude are obtained from:

_ In 2 _ 0,693
_ 2m
PDR = ; 73 (7.2.3-7)
wDR(l - IpRr )

For normal cruise and approach configurations, minimum adequate Dutch roll
frequency and damping requirements for light aircraft are specified by section 3,3.1.1
of reference 32 to be:

Minimum wpp = 0,4 rad/sec (cruise)
=1, 0 rad/sec (approach)

Minimum gDR =0, 08
Minimum gDRwDR =0,15

In the damping requirements, indicated by DR and {pRWpR, the governing require-

ment is the one that yields the larger value of {DR*

Additional insight into more desirable Dutch roll characteristics for small general
aviation airplanes is provided in reference 33, On the basis of a flight test investigation
of Dutch roll mode frequency and damping in which a variable-stability airplane was
used, the reference concluded that for a small airplane with good roll mode and near-
neutral spiral characteristics flown on an ILS approach:

(1) The best level of Dutch roll frequency is between 1, 8 and 2, 3 radians per second,
This represents a compromise in which the level of directional stability is large enough
to provide good dynamics, but not large enough to cause excessive yawing in turbulence,

(2) Dutch roll frequencies near 3 radians per second lead to excessive yaw in
turbulence., Frequencies lower than 1,4 radians per second are undesirable because
they require the pilot to compensate for poor heading control, large sideslip excursions,
and difficulty in trimming the airplane in roll and yaw,

(3) The instrument approach task becomes rapidly more difficult with Dutch roll
damping ratios less than 0, 10. However, relatively little is gained by increasing the
damping ratio beyond this value, at least for Dutch roll excitation in roll response. In
some instances of high Dutch roll excitation, higher damping would undoubtedly be
desirable.
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ClﬁaSbw

(4) The best range of dihedral effect is i‘B = = -8 to -16 radians per

I
X
second? per radian, but there is little penalty for lower values (such as -6 or -4),
Large dihedral effect (LB = -20 or more negative) is undesirable because it produces

excessive rolling due to turbulence,

Predicted Dutch roll characteristics of the subject airplane were based on the pre-
ceding derived relations (egs. (7.2.3-2) and (7.2.3-4) to (7.2.3-7)) and on calculated
derivatives. Predictions were obtained for Ppp, (T, /2)DR’ and ¢(pgR for typical

flight conditions at 6000 feet pressure altitude as a function of velocity. The results are
compared with predicted characteristics based on wind-tunnel data and with flight data
in figure 7. 2, 3-2,

The predicted period characteristics are slightly lower than flight values. Substi-
tution of flight values of Cl (which were approximately 40 percent lower than pre-

dicted) into the equations had a negligible effect on the predicted period.

The predicted time to damp to half amplitude, (T /Z)DR’ is slightly longer in the
low-speed region than indicated by the flight data. Substitution of flight values of C;
into the equations resulted in improved correlation of predicted (T, /Z)DR with flight

data in the low-speed region.

7.2.4 Symbols

b,c,d,e coefficients in a fifth-order characteristic equation
(eq. (7.1-10)) as defined in equations (7. 1-11) and
(7.2-1)
by wing span, ft
Cy, airplane lift coefficient
C; rolling-moment coefficient
oCy

Cy = ——, r rad
lp Pby pe
Nzv

oCy

C) = e
lr <rbw>’ per rad
\3v
BCl
C, = =— d
ZB T per ra
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Cn yawing-moment coefficient

aC,
Cnp, = , per rad
P pbw
2V
8Cn
Ch. = , per rad
r ( rby,
3 ——
2V
9C,
Cnﬁ W’ per rad
Cy side-force coefficient
oC
Y
C ===, per rad
Y, T BB p
g acceleration of gravity, ft/sec?
gy = Vg cos 6, cos ¢
Ix, IZ mass moment of inertia of the airplane about the X~
and Z-body axis, respectively, slug-ft2
IXZ mass product of inertia, slug-ft2
fI;, L, EB’ as defined in equations (7, 1-12)
m = w slugs
g b
5’ 5 =7 N N .
Np, Nr’N as defined in equations (7. 1-12)
PDR period of the Dutch roll oscillation, sec
p,T roll and yaw rate, respectively, rad/sec
q dynamic pressure, lb/sq ft
S wing area, sq ft
s Laplace transform variable
T thrust of the propellers, Ib
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?B = CYﬁ(??l%)’ per rad/sec

roll mode and spiral mode time constant, respectively,
sec

time required to decrease the Dutch roll oscillation to
half amplitude, sec

time required for the spiral mode to double its amplitude,
sec

true airspeed, ft/sec
calibrated airspeed, knots

airplane weight, 1b

airplane angle of attack relative to the X-body axis,
rad (unless noted otherwise)

angle of sideslip, rad

damping ratio of the Dutch roll oscillation
trimmed pitch attitude of the X-body axis, rad

roll subsidence root, equal to "1“11;

spiral divergence root, equal to —-T-l-
]

roll attitude about the X-body axis, rad

undamped natural frequency of the Dutch roll oscillation,
rad/sec
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o Flight data

Calculated | Equation (7.2.2-3)
— — —— Calculated with flight Clﬁ f

—-—C(alculated, equation (7.2.2-5)

T/ %o
¢
@00 0q 0o @o @O OO0 P O

a, deg % o

v

~
~
~
~
~
¥
]
~

N

/
7
/

/
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N

-6
60 80 100 120 140 160
V¢, knots

Figure 7.2.2-1. Predicted roll mode stability characteristics of the subject airplane
over the speed range of the airplane at trimmed level -flight powered conditions.
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3 /,
“pR: A1~
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_t Equation (7.2.3-3)
7 (excludes dynamic terms)
1_
060 80 100 120 140 160

Ve, knots

Figure 7.2.3-1. Effect of exclusion of dynamic derivative terms from Dutch roll
frequency equation on predicted frequency characteristics of the subject airplane.
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o Flight data
All derivatives calculated
— ——— Flight Cp.; other derivatives calculated

—-~— Wind-tunnel static derivatives and
calculated dynamic derivatives

.2
¢ °
° o @O0
0
16
o
8
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o do oo
o) ™
0 T o
-8
8
/—— Based on equation
.2.3-2
Por. S€C 4 0 5 (7.2.3-2)
'*-Q-O
0
8
Typ)
172 DR’ 4 -
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A
SR
@me
060 80 100 120 140 160

Ve, knots

Figure 7.2.3-2. Predicted period and damping characteristics of the subject
airplane compared with flight data.
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7.3 Ratio of Roll to Sideslip in the Dutch Roll Mode

Experience has shown that the pilot may be sensitive to the roll-to-sideslip response
ratio as well as to the damping and frequency of the Dutch roll mode. As a result, the

roll-to-sideslip ratio, {'%, and the phase angle, <I>¢18, are factors that should be taken

into account when considering dynamic stability characteristics.
7.3.1 Roll-To-Sideslip Ratio

With low roll-to-sideslip ratios, sideslip is the disturbing factor to the pilot. If
roll rate or aileron control excite the sideslip, oscillations of the nose on the horizon
during a turn or a lag in yaw rate during entry into a turn may make it difficult for the
pilot to quickly or precisely track a new heading. Also, rudder inputs may be required
to damp the oscillations.

With large ratios, it is difficult to control roll rate or bank angle precisely. With
very large ratios, the sensitivity of roll to rudder movements or lateral gusts makes
it difficult to control the airplane,

From the equations of motion (eq. (7.1-6)), with control inputs set at zero, several
different equations may be arrived at for the Laplace transform of the roll-to-sideslip
ratio, depending upon which two of the three equations are considered. The following
transfer function is obtained from a simultaneous solution of the rolling- and yawing-
moment equations:

o(s) _ fés + (i;ﬁé - Eéﬁ;)

B(s)y ~ =7 = -, —— (7.3.1-1)

s [52 - (Lp + Np)s + (LpNg - L;ng)]
In terms of nondimensional derivatives,

a8 L (7.3.1-2)

Bis) s(b52 + bys + by)
where

N - Z Ixz c \
1~ §Sby Clﬁ * 3y, ng

by
ag = (CernB - CZBCnr>W

(Equation continued on next page)
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Ixly ( Iz >2 (

b =
1 ((—lsbw)z quW

I I I b
_|_ X _ 7 _ X7 W _
b = [ qShy, Cn, asby, Clp qSby, (Cnp * Cl],)]zv (7.3.1-3)

b 2
= - W
bg = (CanZp Canlr> <2V> )

The amplitude ratio may be obtained by substituting the following complex Dutch roll
root of the characteristic equation for s in equation (7.3.1-1) or (7.3.1-2):

, 2
s=-Lpr¥pR* “prV 1 ~¢{pRr

N_EDRwDR+ iwDR for ;DR<O.2

(7.3.1-4)

When RN and IN’ and Rp and I indicate the real and imaginary parts of the nu-

merator and denominator, respectively, the amplitude ratio and phase angle are found
from

(7.3.1-5)
and
N_ Db
tan® , = RN RD (7.3.1-6)
®B I I "o
1+ ND
RNRD
A qualitative insight into the effects of the major parameters on :—23&: is obtained
from the following approximate equation:
1/2
T2 G T2
(Lp)* + Ni(Ly)
:—Bﬂ: ~ B B (7.3.1-7)

N2 N1 2
This equation shows that a decrease in effective dihedral, an increase in directional
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I
stability, an increase in Cl » Oor a decrease in -I-—Z— will decrease the roll-to-sideslip
b X
ratio and tend to result in a predominantly yawing motion. A reverse trend in these
parameters will tend toward large rolling motions. Since the pilot controls turning by
gaging the bank angle, it may be desirable to minimize the amount of roll per unit of
sideslip of the Dutch roll mode.

For typical light airplanes the roll-to-sideslip ratio is of the order of 1 or less; for
high-performance fighter airplanes the ratio may be of the order of 10. For the subject
airplane, the ratio is of the order of 0. 5.

7.3.2 Roll-To-Sideslip Phase Angle

The effect of the phase angle, ¢ op* 0 the pilot's coordination of control inputs is
often neglected. For the subject airplane, %IB is of the order of 80°. This means

that the maximum amplitude of bank angle in the Dutch roll mode leads the maximum

amplitude of sideslip by 80° (or 0 PDR seconds of the Dutch roll period, PDR). In

80
360
a typical high-performance fighter aircraft, @(PB is of the order of 45°.

The phase angle, ® 0B’ is primarily affected by the parameters _I:I’) and i/ﬁ' If

LIS is large at positive dihedral conditions, the phase angle will move toward 90°. If

I_JI’) is small, the phase angle will tend toward 0°. Figure 7.3.2-1 (based on ref. 34)
/

shows the qualitative effects of fp

on the phase angle for both positive and negative

dihedral conditions.

7.3.3 Comparison of Predicted Characteristics With Flight Data

The predicted roll-to-sideslip ratio and phase angle of the subject airplane are
presented in figure 7.3. 3-1 for trimmed, level-flight power conditions as a function
of calibrated airspeed. Included rfor comparison are several flight-determined values.
The correlations are relatively poor when the predicted characteristics are based
entirely on calculated derivatives. However, when flight-determined values of C;

are substituted for the calculated values in the prediction equation, good correlations

are obtained. Although very good correlations of calculated and wind-tunnel values of

CZ had been obtained (section 4.3.4), flight values of CZB were approximately 40 to
B

50 percent lower than predicted. This discrepancy is discussed in section 5. 3. 4.

7.3.4 Symbols

a1, 29 coefficients of a first-order differential equation
in the numerator of equation (7.3.1-2) as defined
in equations (7.3.1-3)
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bqsbg, b3 coefficients of a second-order differential equation
in the denominator of equation (7.3.1-2) as
defined in equations (7.3.1-3)

by, wing span, ft
Cl rolling-moment coefficient
c oCy d
= ———, perra
o o(Pw
2V
acl
C, = ———, per rad
r (g
2v
8Cl
CZ = W, per rad
B
Cn yawing-moment coefficient
8Cn
Cp. = 5 , per rad
p 8<p W)
2V
8Cn
Cn, = » per rad
()
2V
oC,
CnB = B8 per rad
IN’ 1 net value of the imaginary parts of the numerator
D . - .
and denominator, respectively, of equation
(7.3.1-5)
IX’ IZ mass moment of inertia of the airplane about the
X- and Z-body axes, respectively, slug-ft2
IXZ mass product of inertia, slug—f’c2
i imaginary
EIS, I_Jlﬁ, L4 as defined in equations (7.1-12)
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=/ v/ N/
Np, N{, Ng

DR
p,T

Ry RD

(@]
A

®op = “pB

“DR

258

- (90 + &), deg

as defined in equations (7.1-12)

period of the Dutch roll oscillation, sec
roll and yaw rate, respectively, rad/sec
dynamic pressure, 1b/sq ft

net value of the real parts of the numerator and
denominator, respectively, of equation (7.3.1-5)

wing area, sq ft
Laplace transform variable

thrust of the propellers, 1b

true airspeed, ft/sec

calibrated airspeed, knots

airplane angle of attack relative to the X-body axis,
deg

sideslip angle, rad
damping ratio of the Dutch roll oscillation
roll attitude about the X-body axis, rad

amplitude ratio of ¢ to B in the Dutch roll
oscillation

s

Laplace transform of the equation for

™

Dutch roll mode damping angle, deg

phase angle of the p-vector relative to the
B-vector in the Dutch roll oscillation

undamped natural frequency of the Dutch roll
oscillation, rad/sec



@ in phase with B
p leads B by 90°

Y = .
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Figure 7.3.2-1. Effect of effective dihedral and roll damping on roll-sideslip
phasing in the Dutch roll mode (based on ref. 34).
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(o) Flight data
All derivatives calculated
— — —=— Flight ClB; other derivatives calculated
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Figure 7.3.3-1. Predicted amplitude ratio and phase angle characteristics of the
subject airplane for trimmed, level-flight conditions compared with several flight-
determined values.
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7.4 Roll Performance

The manner in which the airplane responds to the application of aileron is a primary
factor in the consideration of the stability characteristics of the airplane. The following
roll performance parameters have been proposed and used:

(1) Steady-state roll rate, pgg, per unit of aileron deflection
PssPy

2V
per maximum deflection (step input) of aileron

(2) Steady-state wing-tip helix angle, » per unit of step input of aileron or

(3) The time required for the roll rate to attain 63.2 percent of its steady-state
value, expressed as a roll mode time constant, Tg

(4) The amount of Dutch roll excited due to an aileron step input.

Because roll performance characteristics are a function of many interrelated factors,
a roll equation is derived to illustrate the complexity of the factors involved and for use
as the basis for detailed considerations of the factors affecting rolling performance.

7.4.1 Derivation of the Roll Equation
The first step in deriving the roll performance equation is to obtain the following

Laplace transform from the lateral-directional equations of motion (eq. (7.1-6)) and
the characteristic equation (eq. (7. 1-10)):

(s - Yp) (s - g1) Y5,

—fB -(IXs2 + Lys) iéa

-N (s2 - N S) N
BE) _  [ete) ) ’ i % ]
Ga(s) = s<6a(s)) =8 (7.4.1-1)

ss—ls Ls22 Wiy S 2
+Ts * Tg + 2EpRYDRS + “DR

3 2
(A s+ B s“+C s+ D )
= ¢ @ ¢ ¢ (7.4.1-2a)

1 1\2. o 2
(S+TS S+ TR )\ T “CDRDRS + “pR

2
s(A(ps + B(ps + C(p)

1 L \/.2 2
(s + TS><S + TR>(S + ZgDRwDR + WppR >

Q

(7.4.1-2b)
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Gy s (2 20+ 0%)]
(s +TLS>(S +T_1R)<S2 + 28 pR“pRS * C"DRZ>

where, with ?53 considered negligible, and in terms of primed derivatives defined by

(7.4.1-2c)

equations (7.1-12),

> (7.4.1-3)

/

and where
—N/
— - —, 0
- Y __ / /_-a _
2t 2, A, (Yg + Np)+ Ly = (7.4.1-4)
53
_, _,
C NG N
2_79 _N/_ 77 a _ [/ 6a_/ _
W " E, N - Lg = Ly = Ny Y (7.4.1-5a)
0q 0q
%
~ N/ - Lg _/a (7.4.1-5b)
L(Sa

)
a
For an aileron step input, §,(s) in equation (7.4.1-2c) is replaced by = By

factoring the resulting equation and performing the inverse Laplace transformation,
the following approximate real-time equation (from ref. 35), in which g(p is considered

to be negligible and DR is considered to be small, can be obtained for roll rate, p:

2 l+w 2T 2
e TR(ﬁ) (e't/TS - ‘) + TR‘—Q‘%Z(I - E't/TR)
L02% “DR L+ wpp Ty

2
!_‘f‘i ) 1 .
+ T DR o ' DE“DR sm<u)DRt ~sin! L + L
f 2. 2 2 7
1+ “pRr TR \/1+“’IJR2TR

(7.4.1-62)

2
1+ wpp' TR
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Egaﬁa “DR * wDRzTR
e \ (7.4.1-6b)
2 _ :
+ TR e gDRwDR sin fwppt - sin—1 —1
1+ wpg’ TR v 1+ wpp?Tg’

where TS and TR are spiral and roll mode time constants, respectively, obtained
from equations (7.2.1-3) and (7. 2. 2-2) on the basis that

1 1
Tg=--— and Tp=-—
S Asm R 7‘rm

The three terms in equations (7.4. 1-6a) and (7.4.1-6b) identify the rolling motions
attributed to the spiral, roll subsidence, and Dutch roll modes, respectively.

7.4.2 Steady-Stale Roll Rate

One means of assessing rolling performance has been to determine the roll response

Ps<b
to an aileron step input in the form of steady-state wing-tip helix angle, SZLVW This

steady-state helix angle is not always attainable realistically. In the following con-
PgsPw

2v °
subsidence conditions prevail.

sideration of it is assumed that positive Dutch roll damping (EDR > 0) and roll

For convergent spiral conditions, equations (7.4.1-6a) and (7.4.1-6b) indicate that
the rolling velocity approaches zero as t —= ». In effect, there is no rolling velocity

which can be considered to be steady state for large values of TL For small values
Pggb S
of TL’ an effective zsvw may be approached; however, it occurs at large bank angles

(10007, for example) and is not practical.

For divergent spiral conditions, large values of —TL do not permit a well-defined
N

steady-state roll rate. For small values of T—l » the small rate of divergence allows an
S

Pssbw
2V
spiral motion has progressed to any significant degree. Thus, for conventional steady-

effective to be defined, because the steady-state roll rate is reached before the

state roll rate consideration, since L << L » the spiral parameter L can be con-
Tg TR Tg

sidered to be equal to zero.

With the motions due to the spiral mode equal to zero (% = 0), equation (7.4.1-6a)
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may be reduced to the following steady-state roll rate expression:

Ly w2
%SS ~ ¥ (7.4.2-1)
a 1 2
‘T‘E{wDR
1 .
Substituting for w¢2 (eq. (7.4.1-5b)) and 71,3 (using eq. (7.2.2-2)),
=/ =/ =7’/
p NpL: - LN
ss P By B 0q (7.4.2-2)

b g(Ny-8) - TN

In terms of nondimensional derivatives, and with higher order terms eliminated, equa-
tion (7.4.2-2) takes the following form:

Pgsbw

2V
0

CngCr5, = Ol cnéal

- —_— - :2 —

A study of equation (7.4.2-3) indicates roll power per unit input to be primarily a
function of Clp and Cl@ . Effective dihedral, however, tends to decrease the roll
a

power to some extent with increasing angle of attack. These observations show that for

pSSbW

2v
geometrically similar airplanes and lateral control arrangements, 5 tends to be of
a

(7.4.2-3)
a

Pagb
similar magnitude. The roll power, —%%—N , that can be produced by full aileron step
input is a measure of the relative control power available. Minimum acceptable roll
control power for light aircraft calls for sufficient maximum deflection to be available
ssPw
2V

to produce = 0.09 radian (ref. 35).

Recent investigations have shown the wing-tip helix angle to be deficient as a design
criterion. Current roll-control-effectiveness requirements are based on the time
interval between an initial step input and the attainment of a specific roll displacement.
Section 3.3.4 of reference 32 stipulates that for light aircraft under cruise conditions
or in a climb, clearly adequate roll control effectiveness is demonstrated if 60° of bank
is attained in 1.7 seconds; minimum adequate roll control effectiveness is defined as
attaining 60° of bank in 3.4 seconds. Corresponding criteria for takeoff and approach
conditions are 30° of bank in 1.3 seconds and 30° of bank in 2.6 seconds, respectively.

Figure 7.4.2-1(a) shows the aileron step input roll rate response flight time histories
of the subject airplane obtained at 84 and 134 knots calibrated airspeed. The results of
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Pgsbw

2V
son of these results with corresponding predicted characteristics are shown in figure
7.4.2-1(b). As shown, reasonably good correlation was obtained when the predicted
characteristics were based on calculated derivatives. Substitution of flight values of
CZB for the calculated values in the response equation resulted in improved correlation.

the analysis of the flight data in the form of as a function of Ga and a compari-

The discrepancy between flight and predicted values of CZ is discussed in section
5.3.4.

7.4.3 Apparent Roll Mode Time Constant

Although roll response characteristics are influenced by the spiral and Dutch roll
modes, the primary response to an aileron input is provided by the roll mode. This

response can be reduced significantly by a stable spiral mode (- ,—I,l— < 0) even though
the spiral root may be much smaller than the roll root (- ﬁ ). The effect of the stable

spiral mode is of interest for two reasons. First, the roll mode time constant, TR,

is an important parameter which has been used, as illustrated by figure 7.4.3-1 from
reference 36, to assess the degree of acceptability of the airplane' s initial rates of
response to aileron step inputs. For a given aileron step input, the second term of
equation (7.4.1-6a) indicates that a very large value of TR will result in a sluggish

initial roll-rate response; a very small value of TR indicates a trend toward excessive

initial roll rate response. Both extremes are objectionable to a pilot. Second, the
roll mode time constant, TR, has usually been estimated from flight records of the
roll rate response to aileron step inputs on the assumption that only the single-degree-
of-freedom roll mode is excited during the initial response. Thus, the roll mode time

constant obtained from analysis of the flight data may differ considerably from the true
constant.

For a single-degree-of-freedom roll mode response to an aileron step input, the
roll mode time constant can be considered to be the length of time after the step input
is initiated that would be required for the roll rate to attain 3.2 percent of its steady-
state value (fig. 7.4.3-2(a)). This percentage is arrived at by reducing equation
(7.4.1-6a) to the single-degree-of-freedom roll mode (retaining only the second term).
The ratio of roll rate, p, at time, t, to steady-state roll rate, Pgg» at t= « is readily

determined to be

Ay
i <TR (7.4.3-1)

At t= Ty

R _ 1 _e 1o g.632
Pss
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or

p= 0.632pgg (7.4.3-2)

The significance of the roll mode time constant, Ty, is placed in another perspective
if it is defined as the time that would be required to obtain steady-state conditions, pgg»

after a step input if the single-degree-of-freedom roll rate response changed at a con-
stant rate equal to the actual initial rate of change (fig. 7.4.3-2(a)).

When the spiral mode is not equal to zero and is convergent (Tl— is positive), the
presence of the convergent spiral mode reduces the roll response. The degree of

degradation depends upon the magnitude of % . Attempts to use the single-degree-of-
S

freedom roll mode procedure of equation (7.4. 3-2) to obtain the roll mode constant,
Tg» from flight records involving convergent spiral modes resulted in an apparent value

of the roll time constant, Ty, which was smaller than the actual TR This apparent
roll time constant, Tp, is defined in figure 7.4.3-2(b), which also shows the resulting

apparent pgg in relation to the pgg for T—l = 0.

The apparent roll time constant, Ty, and apparent pgg as ratios of TR and Pgg;,

respectively, were obtained from the following equation (from ref. 37) as a function of
TR and Tg:

T T
(Pgs) _R{;_-R
Tp _ __°%app  (TR\Tg Ty (7.4.3-3)
TR (pss)l Tg
— =0
Tg

Figure 7.4.3-3 shows that the presence of a converging spiral mode, Tls— > 0, makes
the apparent roll time constant, TA, smaller than the actual roll time constant, TR’
because of the reduction in maximum roll rate caused by —’f‘lg > 0. The sensitivity of

Tg Tg 20\Tg

the roll rate is reduced 15 percent. It appears, therefore, that a criterion such as that
in figure 7.4.3-1 should take the spiral mode into account as a third dimension.

maximum roll rate to - is clearly indicated by the figure. ¥or 1.1 <——1-),

7.4.4 Roll and Dutch Roll Mode Coupling

In considering the roll response of an airplane to an aileron step input, the general
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lateral-directional response characteristics are of concern to the pilot. These charac-

2
w
teristics are dependent upon TR» QDRwDR’ and (—é) as well as Tg. The param-

2

w

eter, (——‘w—wD ) , which, together with TR, greatly influenced steady-state roll rate, pgg
R

(eq. (7.4.2-1)), is also a major contributing factor to the amount of Dutch roll in roll
rate response. This is reflected in the third term of equation (7.4.1-6b). This param-
eter may be approximated by the following expression on the basis of equations (7.2.3-1)
and (7.4.1-5b), if the dynamic derivative and angle-of-attack terms are assumed to be
negligible:

w \2 7 ﬁﬁ’
2 R B (7.4.4-1)
“DR N[§L’
éa

2
w
Although <—Og(pR ) must always be positive (greater than zero) to obtain roll velocity

in the correct direction, roll reversal is possible within certain bounds of the param-
eter as a result of the Dutch roll term in equation (7.4.1-6b). In addition, the signs
w

=/ =/ . . . (% . 5/ _E
of L, and Nﬁa’ which appear in the expression for <——“’DR) » and the sign of (Np V)’

B
which appears in the equations for Dutch roll damping (eq. (7.2.3-4)), roll subsidence
(eq. (7.2.2-2)), and sideslip response to aileron input all have important bearing on the
airplane' s response to an aileron step input and the pilot' s acceptance of that response.

2
w
The effect of (;Dﬂ) on the roll rate, sideslip, and yaw rate of an airplane is
R
shown in figure 7.4.4-1 (from ref. 38). For a value of unity, the Dutch roll mode is
zero. Sideslip, however, is present. The response in sideslip is due primarily to the
lateral gravity component resulting from bank angle. For values greater than unity,
the sideslip response due to gravity is reduced, initially causing the aircraft to slip
out of the turn while yawing into it. For values less than unity, the amount of sideslip
2

w -

increases with decreasing values of <__<p_> » With consequent roll reversal (due to Lé)
R

when the ratio decreases below a value which is dependent upon the Dutch roll damping

ratio, gDR'
Roll reversal is discussed in reference 35. As indicated by the reference, if _TL
w S
is assumed to be zero, it is possible to compute the value of (%ﬂ) by using equa-
R

tion (7.4.1-6b), which corresponds to incipient rolling velocity reversal (change in
roll rate sign) as sketched in figure 7.4.4-2(a) (from ref. 35). Incipient roll reversal
is a function of Tg “HR? and gDR' For zero Dutch roll damping, EDR’ figure
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2
w
7.4.4-2(b) (from ref. 35) shows that <§é&> should be greater than 0.5. As the Dutch
R

2

W,

roll damping increases, the value of <——Q> at which roll reversal will occur decreases.
R

2
w
The sign of N 8 » Which appears in the equation for <coD_(p> , affects not only the roll
a R
power but also the phasing and magnitude of the sideslip-in-roll response to aileron

inputs and the ability of the pilot to make aileron-only turns. The effects of ﬁé on
a

roll rate and sideslip responses to a step aileron input are shown by the sketches in
figures 7.4.4-3(a) and 7.4.4-3(b) (from ref. 34).

The aerodynamic parameter ﬁl’) - % also affects the phasing and magnitude of the

sideslip-in-roll response and the ability of the pilot to make aileron-only turns. It also
influences roll power. This is shown by the sketches in figures 7.4.4-4(a) and
7.4.4-4(b) (from ref. 34).

The pilot' s acceptance of the roll performance of an airplane appears to be related

w
to (ﬁ) and the task to be performed. Several interdependent parameters are
R
involved. These include Dutch roll characteristics such as damping, frequency, and
roll-to-sideslip ratio, as well as roll power and ﬁé and ITII; - —‘g/. Improper combina-
a

tions of basic parameters can result in decreasing the effective roll power and thus
increasing the tendency toward pilot-induced oscillations (PIO) and the associated de-
crease in the effective damping with the pilot in the loop. Reference 39 discusses the

w

interrelated effects of —w;)‘w—, %—g—l, and the Dutch roll damping ratio on handling qualities
R w

in terms of pilot ratings. The parameter —w—Dg measures effects that are sensitive to

R

a number of the parameters and responses, although it does not account for the inter-

related effects of damping. This is illustrated to some extent by figure 7.4.4-5. The

figure includes flight data for the subject airplane. On the basis of the plotted points,

an increase in angle of attack from -0.65° to 10.5° results in a decrease in

w

2 from 0.990 to 0.967 and some decrease in roll power, as well as an increase in

“DR

-:—% and some increase in adverse yaw due to aileron.

w

The pilot' s opinion of roll performance improves when £ , for low positive damp-
R

ing, is equal to or slightly less than 1.0. Under these conditions the Dutch roll mode,
which is troublesome in turns, is effectively eliminated.
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7.4.5 Symbols

A,B ,C,,D

2 A
bw
I
qs
<
BCZ
CZ = ————, per rad
2V
BCZ

GCZ
CZG = 55 » ber rad
a
Ch
oCy,
Cnp = _Bb—’ per rad
()
2V
8Cn
CnB = W—’ per rad
oC,
Cnéa = ga—l s per rad
g
g1~ (—%—) sin 90
IX’ IZ
Ixz

coefficients of a third-order differential equation
in the numerator of equations (7.4.1-2a) and
(7.4.1-2b), as defined in equations (7. 4. 1-3)

wing span, ft

rolling-moment coefficient

yawing-moment coefficient

acceleration of gravity, ft/sec?

mass moment of inertia of the airplane about the
X- and Z-body axis, respectively, slug-ft2

mass product of inertia, slug—ft2
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T ,TS

270

as defined in equations (7.1-9)

as defined in equations (7.1-12)

as defined in equations (7.1-9)

as defined in equations (7.1-12)

roll and yaw rate, respectively, rad/sec

maximum roll rate, rad/sec

maximum roll rate in the absence of the spiral mode

steady-state roll rate, rad/sec

apparent steady-state roll rate

steady-state roll rate in the absence of the spiral
mode

Laplace transform of the roll rate response to an
aileron input

dynamic pressure, 1b/sq ft

wing area, sq ft

Laplace transform variable

apparent roll mode time constant, sec

roll mode and spiral mode time constant,
respectively, sec

time, sec



v true airspeed, ft/sec

Ve calibrated airspeed, knots

W airplane weight, 1b

Y,, ?5 as defined in equations (7.1-9)

a

Q angle of attack, deg

B sideslip angle, rad

o) a differential aileron deflection, rad

6 maximum aileron deflection, rad

4max

0,(s) Laplace transform of an aileron input

DR damping ratio of the Dutch roll mode

e damping ratio of the second-order differential

¢ equation in the numerator of equation (7.4. 1-2c¢)

00 trimmed pitch attitude of the X-body axis, rad

Arm roll mode root, -71,;
iral mode Toot, -

Asm spiral mode root, - TS

@ roll attitude about the X-body axis, rad

@(s) Laplace transform of the roll attitude

:—g—} amplitude ratio of ¢ to B in the Dutch roll
oscillation

%—:—% Laplace transform of the equation for :—;3&:

“hR undamped natural frequency of the Dutch roll
oscillation, rad/sec

W undamped natural frequency of the second-order
differential equation in the numerator of equation

(7.4.1-2c)
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ot 10.75
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0,, deg
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(@) Time histories of roll rate.
O Flight data
—— All derivatives calculated
-—- Flight CZB; other
derivatives calculated
.04
(o}
)7
.02 A
Y,
P e J
V' 0 J( $
rad
/.
-.02 7 73
-.04
-20 -10 0 10 -20 -10 0 10 20
b,, deg 0,, deg

(b) Wing-tip helix angle.
Figure 7.4.2-1. Time histories of roll rate response to aileron input and the wing-

Pacb
tip helix angle, SZLVW, shown as a function of Oq-
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Figure 7.4.3-1. Proposed roll criterion for fighter aircraft, including pilot
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0. 632[)55 - = 7_'

(a) Single-degree-of-freedom roll mode response to aileron step input.
Relationship of steady-state roll rate, Pggs to true roll mode time con-
stant, TR.

p
[: _T_S _ Pss = Pmax)

________ 1 _
a Ts !

O. 632pSS o — ’__— e g~ = = = — — (pss)

Ta TR
(b) Relationship of two-degree-of-freedom (convergent spiral mode and roll mode)
response and single-degree-of-freedom (roll mode) response to an aileron step

input (from ref. 37). (The two-degree-of-freedom data analyzed on a single-degree-
of-freedom basis result in an apparent roll mode time constant, Tp.)

Figure 7.4.3-2. Definitions of true and apparent roll mode time constants.
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Figure 7.4.4-1. Effect of <# ) on response to aileron step input (from ref. 38).
R

High CZB; low CnB; high «; tpr= 0-16; Wy = 1-16 rad/sec.
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Motion including Dutch roll
— ——— Motion not including Dutch roll

— — —— —
— —

(a) Incipient roll reversal.

No reversal

| T T, ¢
.4\‘ Lpr=0.1
2 Reversal
A

Bl 1

wprTR

(b) Conditions for inc ipient rolling velocity reversal.

Figure 7.4.4-2. Roll reversal (from ref. 35).
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0a

t

(a) Adverse Néa; fé is negative.

6a b

t

(b) Proverse Né (positive); Eﬁ/ is negative.
a

Figure 7.4.4-3, Effect of ﬁéa on time history responses of roll rate and sideslip

for an aileron step input (from ref. 34).
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p
B
éaf

t

(a) Adverse ﬁf, -2 is negative; I_J[; is negative.

v
p
g \_/'\
b2 f

t

(b) Proverse ﬁﬁ - —5— is positive; L/ is negative.

B

Figure 7.4.4-4. Effect of ﬁ{) - % on time history responses of roll rate and

sideslip for an aileron step input (from ref. 34).
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Flight data

a, deg V, ft/sec Yo

WpR
o -0.65 254 0.990
o 2.2 182 .987
¢ 10.5 133 .967

T
Increasing roll-

/

20,74 X % //

6
|ncreasl|ng 101 ///// I \ wp _ ( _Y%a)m
. Bl \ WpR N3 L5,

Increasing proverse Cn6
a

) \\Q*\\\\ffiz‘;%:sav’“ ~
| W

# r1.8 .

2 N T % o PN
4-1.64/ 9 0 Y op q,*\ 5 ONYDR
L5 N

. p ~ \ T —
= P TF ]
(] P

B / 01.41///
%% /1'511-9////
?‘}%rﬁ."o’/

Effective roll —'] \‘\\\ / / / /’ 2.0
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Increasing adverse C

: gl s

. 1,

/
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\
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Figure 7.4.4-5. Factors affecting roll performance.
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